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In 2008, Timothy Noakes participated in an interview with the National Canadian 
Athletics Coaching Center at the University of Alberta, Canada. In this interview, he 
explained that exercise performance is regulated to protect homeostasis by a centrally 
located regulator known as the central governor. To provide support, he described the 
effect of stimulants in cycling performance. Noakes explained, “when they (cyclists) take 
stimulants its like the break is released and they can suddenly produce performances that 
were always there ... but could not access them”. When then asked, “What’s the 
interaction that the stimulants have for the break to be released?” Noakes’ replied, “that’s 
the fundamental question that if you can answer you’ll know where the central governor 
works”. In 2009, Noakes was involved in a study1 that examined the effect of 
methylphenidate (MPH, Ritalin) on cycling performance during a fixed effort time trial. 
The main finding was that cyclists could exercise at higher cardiovascular and metabolic 
stress for ~32% longer than in the placebo condition. Authors interpreted that MPH 
altered the central interpretation of sensory feedback allowing for increased motor output. 
However, no data on the CNS was collected and the validation of this assertion could not 
be confirmed.  
 
Soon after, a study at the University of Zurich by Lea Hilty, Kai Lutz et al. (2010)2 used 
functional magnetic resonance imaging (fMRI) to determine that the insula cortex was an 
important region for the decision to quit a repetitive submaximal fatiguing handgrip task. 
Given that handgrip can generate intense sensations of muscle fatigue and can be 
completed in the fMRI, there was a clear incentive for examining the influence of MPH 
on the supraspinal mechanisms during muscle fatiguing exercise. As a result, a 
collaborative relationship was established between myself, Kai Lutz at the University of 
Zurich, and my supervisory committee at the University of Cape Town to unravel how 
MPH could influence neural mechanisms in the brain during handgrip muscle fatigue.  
 
Reduced motor drive from the motor cortices is a core feature of supraspinal fatigue but 




we first investigated the brain regions underlying the performance of handgrip using 
activation likelihood estimation analyses. Then, using fMRI and a fatiguing handgrip task 
we examined the effect of MPH on force output in three separate time resolutions: 
throughout the task, in the moments just prior to task failure, and during the recovery 








Handgrip is a ubiquitous human movement that determines how we interact with our 
environment. It is involved in almost every aspect of daily life (e.g. opening a door, 
handling cutlery, using tools) and like all human movement, its application is limited by 
muscle fatigue. However, the supraspinal mechanisms of handgrip and handgrip fatigue 
are not fully understood despite the importance of this fundamental movement, numerous 
publications, and its presence as a longstanding research topic. This thesis investigates 
the brain mechanisms of handgrip and handgrip fatigue using fMRI. It begins with a 
review of the literature in Chapter one, which evaluates the theories and evidence for 
central control of handgrip and muscle fatigue as well as describing the rationale to 
perform the experiments in this thesis. The methodology and analyses are also reviewed 
to provide rationale for their use and to facilitate the interpretation of subsequent 
experimental results.  
 
In order to understand the supraspinal mechanisms of handgrip and handgrip fatigue it is 
logical to first understand the most fundamental grip type (power vs. precision) and 
pattern (static vs. dynamic) by which handgrip can be performed. Using a neuroimaging 
meta-analysis method, activation likelihood estimation analysis (ALE), in Chapter two 
we analyzed data from 28 functional magnetic resonance data sets, which included a total 
of 398 male and female participants. Using ALE, we analyzed the blood oxygen level 
dependent (BOLD) activation coordinates during power, precision, static, and dynamic 
grip in a range of forces and age in right-handed healthy individuals. We found that 
power grip generates unique activation in area 1 and 3b and precision grip generates 
unique activation in area 6 and area 4a. Dynamic handgrip generates unique activation in 
area 4p and area 6 and of particular interest, both dynamic and static grip share activation 
in area 2, an area implicated in the human evolution of handgrip. According to effect size 
analyses, precision and dynamic grip generate stronger activity than power and static, 
respectively. This study highlights the differences in grip type and pattern. However, we 
found that there was a large degree of similarity, which indicates that mechanisms other 




this study also served to generate regions of interest (ROIs) that were crucial in the 
analyses performed in this thesis. 
 
Chapter three examines the supraspinal mechanisms during the performance of a 
fatiguing handgrip task. In addition to the commonly examined peripheral elements of 
muscle fatigue, there are also central nervous system (CNS) mechanisms that regulate 
muscle fatigue. The theories that address the role of the CNS in muscle fatigue are 
collectively known as central fatigue theory. CNS stimulants, such as methylphenidate 
(MPH), can increase force output during exercise. Central fatigue theory suggests that 
MPH may influence supraspinal mechanisms allowing for increased force but how this 
occurs is unknown. As a result, we sought to examine the effect of MPH on the force 
output and concomitant brain activity during a muscle fatiguing handgrip task. In a 
double blind, crossover design participants ingested MPH or a placebo before performing 
a muscle fatiguing handgrip task during fMRI scanning. We investigated force output, 
whole brain activation, and brain connectivity during the task and in the moments just 
prior to releasing the grip dynamometer (also known as task failure). Our findings 
confirmed previous stimulant-induced increase in force output and the role of the insula 
cortex (IC) in task failure. For the first time, we demonstrated findings indicating that 
MPH altered effective brain connectivity between the left IC and motor cortices 
throughout a muscle-fatiguing task, although not in the moments specifically prior to task 
failure. This finding is compelling given the proposed role of the IC in interoception of 
disturbed homeostasis and muscle fatigue. Indeed, the IC is thought to influence the 
motor cortex during fatiguing exercise. This study proposes a previously unknown neural 
mechanism between the IC and motor cortices during a muscle fatiguing handgrip 
exercise and may have broader implications for central fatigue theory and the study of 
sport performance.  
 
Since muscles do not recover immediately after exercise has ceased, we sought to 
examine brain connectivity in the recovery period. In parallel with the study detailed in 
Chapter three, we conducted another study composing Chapter four, which examined 




of the task. We were interested in the effect of fatigue and MPH on FC between several 
ROIs. We examined FC changes occurring: 1) between left and right primary motor 
cortices (M1) 2) right IC and hand motor area and 3) between the right orbital frontal 
cortex (OFC), and both the right IC and anterior cingulate cortex (ACC). We found: 1) a 
task-induced interhemispheric M1 FC disruption in the recovery period and that ingestion 
of MPH resulted in a trend toward a more pronounced M1 FC disruption. 2) Similar to 
connectivity results found in Chapter three, we observed MPH-induced increase in FC 
between the right IC and hand motor area during the recovery period. And 3) we 
observed reduced FC between the right OFC and both the right IC and ACC. These 
findings demonstrate that muscle fatigue influences FC in the recovery period after a 
fatiguing handgrip task. 
 
Chapter five represents a synthesis of these results and summarizes the findings and 
implications for future research.  This thesis examined the supraspinal mechanisms that 
control handgrip and handgrip fatigue on several different time resolutions. We 
demonstrate that grip type and pattern rely on unique activation patterns but also show 
substantial overlap, which suggests that handgrip is potentially regulated by other neural 
mechanisms. We demonstrate the that MPH allows for increased force output during a 
fatiguing handgrip task and offer potential supraspinal mechanisms coinciding with this 
ergogenic effect. We show that a muscle fatiguing handgrip exercise has dramatic effects 
on brain connectivity in the recovery period after exercise has ceased and suggests future 
research should examine how long brain connectivity is affected by fatiguing muscle 
exercise. Our results make a significant contribution to the study of handgrip and central 
fatigue theory and have implications for sport performance and further regulation of 











Using fMRI, this thesis aims to investigate the brain mechanisms underlying handgrip 
exercise and muscle fatigue in five chapters.  
 
Chapter one is a review of the relevant literature and provides a rationale for performing 
the research questions covered in this thesis. It also provides a summary of the research 
questions and a rationale for the methods used to address them.  
 
Chapter two is titled: “Understanding the regions that regulate handgrip: what are the 
similarities and differences between fundamental handgrip type and pattern?” and has 
been published in a modified form in Neuroimage (2014) 102 pp. 923–937. This chapter 
investigates the brain regions involved in controlling the two fundamental grip types: 
power and precision grip in the two basic patterns of force application: dynamic and 
static. This chapter reviews the scientific literature relevant to fMRI handgrip research, 
elucidates the different brain regions involved in the different forms of handgrip, and 
establishes regions of interest to be subsequently used for data analyses in chapters three 
and four, which investigate the brain’s response to a fatiguing handgrip task.  
 
Chapter three is titled “Supraspinal mechanisms of muscle fatigue during a fatiguing 
handgrip task” and has been submitted in a modified form to Neuroscience. This 
manuscript examined the effect of MPH on force output and the BOLD signal in response 
to a fatiguing handgrip task in fifteen participants during the task and in the moments just 
prior to task failure. This chapter demonstrates a MPH-induced increase in mean force 
output and altered effective brain connectivity. Activations generated during this 
experiment were used to create ROIs for analysis in the following chapter, which 
investigated FC changes in the recovery period after exercise.  
 
Chapter four is titled “Supraspinal mechanisms of muscle fatigue after a fatiguing 
handgrip task” and a modified version of this manuscript is being prepared for 




and two; this chapter investigates fatigue-related FC changes after a muscle fatiguing 
handgrip exercise in sixteen participants. During the recovery period, we found that brain 
connectivity between some regions is disrupted. Yet, in other regions, task-related brain 
connectivity continues into the recovery period, a so-called bleeding effect of brain 
connectivity.  
 
Chapter five of this thesis represents a synthesis of the studies performed, the novel 












1  Chapter One 






Human beings are unique in their ability to grip objects using four fingers and an 
opposable thumb3. The early hominid Homo habilis 3 distinguished itself by its ability to 
use its hands with two advantageous grips: the power and precision grip4,5. The power 
grip is thought to have been evolutionary selected for aggressive actions such as 
clubbing5 while the precision grip was selected for accurate movements such as spear 
throwing4,5, tool manufacturing6 and use5,7. The ability to grip determines how we 
physically interact with our surroundings from early childhood to late adulthood. Infants 
develop the ability to power grip (e.g. holding a rattle) at 3-4 months of age while 
precision grip (e.g. picking up food) is developed later at 8-9 months. As we age, 
handgrip is a major predictor for late adulthood independence and mortality8. Although it 
appears simple in observation, the complex brain processes that regulate handgrip are still 
not fully understood. With this in mind, this vital ability is achieved partly through the 
supraspinal involvement of a network of regions that plan and execute handgrip.  
 
Handgrip force is limited by muscle fatigue. Vocations that require repetitive or sustained 
hand use, such as assembly or mechanical repair, are particularly susceptible to 
experiencing intense handgrip fatigue, which presumably affects work-related 
performance and may lead to injury9. Muscle fatigue can be defined as a state 
characterized by a reduced ability to generate force or power10. Bodily tissues, including 
the CNS, do not recover immediately after exercise has ceased and require a period of 
rest. Central fatigue theory proposes that motor drive is limited by CNS processes that 
maintain bodily homeostasis and preservation of tissues11. However, scientists do not yet 
fully understand the mechanisms that regulate the limitation of motor drive during muscle 
fatiguing exercise.  
 
CNS stimulants12,13, such as MPH1,14, enhance motor drive during muscle fatiguing 
exercise. For example, CNS stimulants have been shown to increase time to exhaustion 
during cycling12, improve running and weightlifting performance13, and reduce fatigue 




interpretation of feedback1,16, feed forward17 processes and/or a willingness to exert more 
effort18. However, the supraspinal mechanism(s) of stimulant use during muscle fatigue 
have not yet been fully elucidated.  
 
The aim of this chapter is to review the central processes that regulate handgrip 
movement, handgrip muscle fatigue, and the potential central mechanism(s) by which 
MPH acts to improve force output. We review how fMRI can be used to elucidate the 
central mechanisms during and after muscle fatiguing exercise. Then, the chapter closes 
by reviewing the scientific questions related to this thesis. This chapter sets the 
framework for the subsequent experimental chapters that go on to empirically examine 
the central regulation of handgrip and handgrip fatigue.  
 
1.2 Control of handgrip force 
1.2.1 Neuromuscular control of handgrip force 
 
We begin with the peripheral and central mechanisms that control handgrip force before 
moving into a discussion of the central processes related to muscle fatigue. Handgrip is a 
complex prehensile action that can be divided into two basic types: the power and 
precision grip4,5. Power grip involves grasping around an object using four digits and 
thumb where as precision grip involves pinching an object between the thumb, index, and 
second finger (Figure 1). The power grip relies on a larger proportion of extrinsic 
muscles in the forearm than the precision grip, which relies mostly on intrinsic muscles 
within the hand4,19. The primary extrinsic muscles used during power grip are the flexor 
digitorum profundus and the flexor digitorum superficialis (Figure 2A). The primary 
intrinsic muscles used during power grip are the radial interosseus, ulnar interosseus, and 
lumbrical muscles. Handgrip force during power grip is applied against the digits and 






Figure 1. Schematic showing power (A) and precision (B) handgrips.  
  
Like all voluntary muscle contraction, handgrip is coordinated by alpha and gamma 
motor neurons, which innervate motor units at the neuromuscular junction (Figure 2B). 
Alpha motor neurons innervate extrafusal muscle fibers to initiate contraction, where as 
gamma motor neurons innervate intrafusal muscle fibers to regulate muscle spindle 
mechanisms ensuring efficient contraction20. Muscle spindles are muscle-bound sensory 
receptors that generate spinal monosynaptic reflex mechanisms during voluntary 
contractions to facilitate tension during the stretch reflex and aid in efficient movement 
through reciprocal inhibition of opposing muscles. The actions of muscle spindles are 
controlled by gamma neurons and constitute part of the unconscious regulation of 
efficient voluntary muscle contraction (Chapter 36 in Kandel et al. (2000) 21). Increased 
motor drive is achieved through recruitment of additional or increased firing of motor 
neurons. The supraspinal control of hand motor drive during muscle fatigue is a major 
topic of this thesis and throughout this chapter it will become clear that the command for 





1.2.2 Supraspinal control of handgrip force 
 
A network of brain regions interact to coordinate handgrip through feed forward and 
feedback processes21. Learned motor programs22 are facilitated by the comparison of 
ongoing movement against a set of anticipated sensorimotor consequences, known as 
efference copies23. Efference copy is thought to be generated by the premotor cortex24 
and the supplementary motor area (SMA) 25. Further, efference copy has been shown to 
influence perception of sensory stimuli26 in the somatosensory cortex and may influence 
perception of physical effort27. The cerebellum has been implicated in efference copy26 
regarding rapid feed forward prediction and fine-tuning of movement28. With these 
ongoing processes, the pyramidal cells in the motor cortices (e.g. in M1, SMA21,29,30) 
generate descending command via corticospinal axons to motor neurons in the spinal 
cord21 (Figure 2, D-B).  
 





The functional requirements of power and precision grip necessitate different brain 
activity. Power grip is commonly used for tasks requiring gross and more powerful 
forces, while the precision grip is used for delicate tasks requiring the precise application 
of force19. Brain activation during power and precision grip is comparable at lower 
forces31 and power grip generates activation volume proportional to grip force 32-34. In a 
direct comparison of power and precision grip, Takasawa et al. (2003)35 used positron 
emission tomography (PET) to demonstrate that power grip generates greater volume of 
activation than precision grip, which is perhaps inherent to the volume of muscle 
recruitment orchestrated by the corticospinal tract. On the other hand, precision grip has 
been shown to generate greater ipsilateral brain activity in the premotor and parietal 
cortices 36 ; perhaps this is a result of the precise control required for its application of 
force. Indeed, for a variety of voluntary movements the more delicate force applied the 
greater the activity in the premotor cortices37-39. Dynamic handgrip is thought to generate 
greater activation than static handgrip due to the neurons associated with repetitive phasic 
activation40 41 but this is region40 and movement42 specific. The differences between grip 
type and pattern have been investigated35,36 but the regions that differentially regulate 
grip type and pattern remain equivocal. 
 
1.3 Handgrip force is limited by peripheral and central muscle fatigue 
 
The application of handgrip force is limited by muscle fatigue. Muscle fatigue develops 
during repetitive or maximal contractions and can be defined as a state characterized by a 
reduced ability to generate force or power10.  
 
It is common nomenclature to refer to fatigue as being centrally or peripherally regulated. 
Peripheral fatigue is the study of the efficacy of the motor system downwards of 
neuromuscular junction (Figure 2 A-B). These theories are the most prevalently discussed 
and understood in scientific and lay community, and are popular perhaps due to the ease 
of measurement. Peripheral fatigue theory focuses on the mechanisms of the muscle that 




level of metabolites44, and limitation of rephosphorylation of adenosine diphosphate45. In 
addition, muscle fatigue can be further characterized by neuromuscular changes such as 
disruption of excitation-contraction coupling46, slowing of the conduction velocity along 
the sarcolemma47, and decreasing sarcolemma excitability, all of which increase 
electromechanical delay48. On the other hand, central theories of muscle fatigue assert 
that the spinal cord and brain are critical components for regulating muscle fatigue and 
can be defined as a failure of muscle contraction by mechanisms occurring above the 
neuromuscular junction (Figure 2, B-D). For example, during maximal exercise a large 
proportion of muscles are not recruited despite the neuromuscular connections available 
to do so11. The body employs an exercise reserve11,49 in order to maintain homeostasis 
and tissue integrity. For example, hypoxia induced poorer performance in a 5km cycling 
time trial in comparison to normoxia despite a lack of difference in peripheral failure50, 
suggesting that central mechanism(s) reduces force output in the presence of critically 
low oxygen levels. For the remainder of this thesis, the term central fatigue will be used 
to refer to the central mechanisms of muscle fatigue. 
 
The influence of central fatigue on muscle performance is well illustrated during maximal 
exercise tests. During such tests, a comparison of maximal voluntary contractions (MVC) 
before and immediately after exercise confirm a reduced ability to generate voluntary 
force (i.e. muscle fatigue). The presence of central fatigue can be illustrated if one 
induces an involuntary muscle contraction during a MVC51. The production of a stronger 
force by a superimposed electrically evoked contraction demonstrates that the muscle 
was capable of producing force greater than could be voluntarily generated.  
 
1.4 Central fatigue: the neural processes of fatigue from the neuromuscular junction to 
the brain.  
 
The study of central fatigue investigates neural mechanisms from the neuromuscular 
junction to the brain (Figure 2, B-D). Motor neuron activation frequency decreases during 
muscle fatigue52, known as late adaptation53, and may be caused by reduced motor 




during fatigue, as indicated by increased input required to maintain firing rate56, may be 
caused by reduced activation of muscle spindles57 leading to reduced reflex contributions 
to muscle contraction or by excessive activity-induced intrinsic changes in the motor 
neuron53,58,59.  
 
The contribution of reduced descending drive to muscle fatigue is supported by the 
observation that superimposed transcranial magnetic stimulation induced contractions at 
the cortical level increases force production during fatiguing MVCs. This illustrates an 
unused capacity in the pyramidal cells of the motor cortices to initiate a greater 
descending command 60,61. This reduced drive is thought to be caused by 1) reduced 
efficacy of descending drive, which is perhaps caused by activity-induced changes in 
excitability of corticospinal axons (Figure 10-8 in Kandel et al. (2000)21) or by reduced 
efficacy of functional connections with motor neurons54 and/or by 2) reduced output of 
descending drive caused by supraspinal mechanisms upstream of the motor cortices51. 
Supraspinal fatigue is a major component of this thesis and can be defined as an inability 
to generate optimal force as a result of suboptimal descending drive initiated at the level 
of the cortex (e.g. M1, Figure 2, D). However, the supraspinal mechanisms that lead to a 
decrease in motor drive during muscle fatigue are not fully known and should be further 
explored.  
 
Functional imaging studies have begun to shed light on the supraspinal mechanisms of 
fatigue through activation and connectivity analyses. Activation in M1, primary sensory 
cortex (S1)32-34,62, supplementary motor area (SMA), cingulate gyrus, prefrontal cortex, 
and cerebellum34,62,63 is linearly proportional to force. However, brain activation 
increases at a non-linear rate in M1, S1, and SMA64 as forces reach ~70% of MVC, 
possibly from increasing cortical neuron firing rate62. Similarly, Liu et al. (2003)63 
demonstrated that activation volume in M1 and S1 increased non-linearly throughout a 
30% MVC static power grip (i.e. isometric). Activation volume in M1, S1, SMA, 
prefrontal, and cingulate cortex was shown to linearly increase up until a point when 
activation began to decrease, while force linearly decreased from start to finish, despite 




converging evidence from cell recordings10, electroencephalogram (EEG) 66 and PET 
studies42, support the notion that increased cortical activation volume and/or frequency 
occurs in response to increased demand, which eventually decreases with declining 
muscle activity63. The functional connectivity (FC) between two or more brain regions 
may provide valuable insight into supraspinal mechanisms of fatigue since FC infers how 
regions relate to, or interact, with one another (see section 1.10.4). Jiang et al. (2012)67 
demonstrated a fatigue related increase in connectivity between the premotor cortex, 
SMA, and M1 in the latter stages of a fatiguing handgrip task and interpreted that 
strengthened connectivity may be facilitating motor output. However, Deshpande et al. 
(2009) 68 demonstrated conflicting evidence by dividing task analyses into early, middle, 
and end phases. Authors demonstrated that the premotor cortex, SMA, S1, and M1 were 
strongly interconnected early in the task but decreased in connectivity in the middle and 
end phases, suggesting a weakening of connectivity during muscle fatigue. 
 
To summarize, cortical activation increases proportionally to force output until muscle 
capacity is challenged. At which point the motor cortices show a failed attempt to 
increase65 volume, firing rate, and/or modify connectivity with other regions67 in order to 
maintain efficacy51 of descending command via the corticospinal tract to motor units, 
which respond to these signals by increasing frequency and/or number of recruited units 
in an attempt to compensate for reduced force69. Given that EEG, fMRI, and PET data 
well-correlate with excitatory changes in local field potentials70,71, these results suggest 
that at the cortical level, force is partly maintained through motor cortex drive via 
excitatory mechanisms that occur up until a point, at which time cortical drive is possibly 
inhibited by mechanisms upstream of the motor cortex72. It is thought that these upstream 
mechanisms are potentially mediated by cortical processing of signals from afferent 
myelinated Aδ (group III) and unmyelinated C (group IV) fibers51 fibers.  
 
1.5 Central homeostatic structures process afferent feedback during muscle fatigue 
 
Homeostasis can be defined as a process that ensures the functioning of biological 




behavioral, feed forward26,72,73, and feedback68,74,75 processes. The concept of 
homeostasis was initially proposed in 1878 by Claude Bernard in Leçons sur les 
phénomènes de la vie communs aux animaux et aux végétaux (see Cooper et al. (2008)76 
for translation) and the term was later coined in 1932 by Walter Cannon in The Wisdom 
of the Body76. The failure to regulate homeostasis during exercise can result in severe 
tissue damage or even death (e.g. exercise induced hyperthermia77). 
 
Specific structures for relaying homeostatic signals and subsequent autonomic responses 
during muscle contraction have been identified (Figure 3)78. Afferent stimuli, such as 
pain, temperature, and pressure, from the musculoskeletal system generate action 
potentials that travel through myelinated Aδ (group III) and unmyelinated C (group IV) 
fibers to the dorsal horn of the spinal cord where they synapse with spinal lamina 1 cells. 
 
 
Figure 3. Cortical substrates of homeostatic signal processing. Painful stimuli from the periphery travel 
through small afferent fibers to the spinal cord where they synapse and ascend to higher cortical areas such 
as the insula cortex, anterior cingulate and sensory cortex (Redrawn from Craig et al. (2003)79) 
These fibers are sensitive to muscle contraction80,81, tendon stretch81, pain, hydrogen ions, 
and notably, phosphate82, all of which are associated with muscle fatiguing exercise. 




cardiovascular response85. Afferent homeostatic information from the cardiovascular 
system during exercise is transmitted via the vagus nerve to the nucleus of the solitary 
tract in the brainstem, which also contributes to the efferent (feed forward) control of 
lung inflation. Efferent homeostatic reflexes controlling the cardiovascular response to 
exercise, such as increases in heart rate, stroke volume, and vasodilation/constriction, is 
modulated by the periaqueductal grey86. Interestingly, group III and IV fibers, which 
innervate practically every tissue in the body87, have been implicated in central processes 
involved in muscle fatigue74,75. For example, group III and IV fibers have been shown to 
inhibit motor neuron firing rate88 (excluding elbow flexors89) and voluntary drive after a 
muscle fatiguing task in both exercised and unexercised muscles90. Sensory information 
from lamina 1 decussates to the right anterior horn and ascends contralaterally through 
the anterolateral spinothalamic tract until synapsing in the basal and posterior 
ventromedial thalamic nuclei91. The thalamus then relays afferent sensory information to 
higher processing cortical areas such as the IC92, right OFC91,  sensory cortex87, and 
ACC79. 
 
The conscious awareness and emotional response engendered by disturbed homeostasis 
are collectively known as interoception 91. The IC, ACC, and OFC are key structures 
forming the interoceptive system thought to be responsible for interpreting the sensations 
associated with disturbed homeostasis (e.g. pain, air hunger) 79,91 and muscle fatigue93,94. 
This system (Figure 3)78 is larger in primates and rudimentary or non-existent in other 
mammals21 supporting the suggestion that primates have a unique protective ability to 
perceive and be consciously aware of fatigue during exercise94. This ability to exercise 
safely within the confines of homeostasis is presumably an important factor for the 
proposed theory that humans evolved as efficient endurance runners95,96. 
 
1.6 Brain structures implicated in the interoception of disturbed homeostasis  
 
The IC has been identified as an important structure for processing disturbed 
homeostasic79,97 signals. The IC has been shown to be important for the processing of 




Interestingly, the IC has been associated with the cardiovascular response to exercise102 
and its activation is proportional to exercise intensity103. The IC’s involvement in the 
interoception of pain and exercise suggests that it might be an important brain structure 
for regulating muscle fatigue. 
  
The notion that the IC integrates signals of disturbed homeostasis during muscle fatigue 
is supported by functional and structural connections between the periphery, IC91,104,105 
and motor cortices106 107,108. Stimulation of group III and IV fibers lead to increased 
anterior IC activation109 and direct stimulation of the IC evokes sensations of pain110. The 
IC projects to the OFC104,108, ACC111 and the motor cortices, such as SMA 107,108, which 
is functionally connected to M1106. Further, muscle pain activates right anterior IC112,113 
and the IC has been proposed as an important region for interpreting perceived exertion 
during exercise114. Indeed the IC has consistently been implicated in neuroimaging 
studies of exercise2,31,36,115-117. Thus, the IC and motor cortices provide a potential 
functional connection that may be employed for the interoception of muscle fatigue.  
 
The IC’s involvement in the decision to terminate exercise2 during a submaximal 
fatiguing handgrip task and its proposed role in the limitation of motor drive via 
inhibition of the primary motor cortices116  suggests that the IC could be a supraspinal 
substrate for the limitation of force output upstream of the motor cortex. Indeed, it has 
frequently been suggested that cortical regions and networks upstream of motor cortex 
are playing a role in fatigue and should be investigated72 93,118,119. 
 
In an attempt to examine muscle fatigue over the course of a task, Jouanin et al. (2009)120 
found a shift towards medial IC activation, indicating that the IC may change activity 
patterns throughout increasing muscle fatigue. The authors suggested that this change in 
activation may have been mediated by increasing pain and exhaustion. A drawback to 
this study is that they did not specifically address the time period just prior to terminating 
the task (i.e. a period known as task failure), which could inform on an important 
decision to terminate exercise related to muscle fatigue. Further, they did not examine the 




the brain continues to be influenced during the recovery period after exercise has ceased. 
Muscle exercise reduces corticospinal motor evoked potentials121 and increases alpha (7.0 
- 12.5 Hz) frequency activity122-124. Exercise fatigue induces a temporary disruption in 
interhemispheric FC in both frontal124,125 and M1126. OFC activation increases in the 
recovery period after fatigue 127 and is activated during sensations of mental fatigue 128 
These findings support the line of research proposing that muscle and mental fatigue are 
interconnected129,130. The right OFC91 (Figure 3 in Craig (2002)91), ACC, IC together are 
thought to play a role in the interoception of disturbed homeostasis and potentially, 
muscle fatigue93,131. Despite that muscles require a period of recovery after exercise has 
ceased10 there is comparatively less literature on the supraspinal response during this 
period.  
 
1.7 Models of central fatigue 
1.7.1 The psychobiological and central governor model  
 
Thus far, we have seen that muscle fatigue is regulated by peripheral mechanisms in the 
muscle and by central mechanisms from the neuromuscular junction to the brain. With 
this in mind, researchers have attempted to create a cohesive model of how the brain 
controls the limitation of motor drive.  
 
The psychobiological model proposed by Marcora27 and the central governor model 
(CGM)132 by Noakes explains how the brain regulates exercise but they differ in how 
motor drive is influenced. The psychobiological model asserts that exercise termination 
(i.e. task failure) is regulated by the perception of feed forward drive, (i.e. efferent copy, 
corollary discharge) in response to increasing demand from skeletal and respiratory 
muscles72, and psychological factors (e.g. motivation, effort). The CGM recognizes these 
factors132 but includes the presence of an unconscious teleoanticipatory regulator that 
controls exercise fatigue based on rate of perceived exertion (RPE), physiological and 
psychological factors, which are regulated by both feed forward and feedback 




and/or fatigue and is classically measured on a 6-20 RPE scale133. RPE has been linked to 
both psychological (e.g. mental fatigue130 and sleep deprivation129,134) and physiological 
factors135,133. The two models also differ on the involvement of a teleoanticipatory 
regulator. Teleoanticipation is defined as the processes that manages RPE in anticipatory 
manner so that a maximum RPE is reached near the end of exercise49,136. Further, the 
CGM asserts that RPE is regulated in a teleoanticipatory manner to prevent 
physiologically threatening temperatures137.  
 
1.7.2 The neurotransmitter model 
 
Acute exercise-induced changes in neurotransmitter levels, particularly the monoamines, 
have been long thought to play an important role in muscle fatigue138. Chronic changes in 
neurotransmitters also play a role in long term fatigue139.  Monoamines have an intuitive 
connection with exercise and fatigue: increases in serotonin is associated with sensations 
of lethargy, decreased motivation, and sleep while dopamine (DA) has been associated 
with movement140 willingness to exert physical effort18, motivation141 and reward142, and 
norepinephrine with attention and arousal143. Indeed, if the brain has been proposed to 
regulate mechanisms of exercise fatigue then an examination of the neurotransmitters 
involved in synaptic communication should be conducted. As a result, human 
pharmacological interventions that modulate synaptic levels of monoamines have 
received a great deal of scientific investigation144,145, perhaps due to the feasibility by 
which neurotransmitter systems can be non-invasively investigated by administration of a 
capsule in a double blind exercise trial.  
 
The proposed effect of monoamines to improve exercise performance is inconsistent145. 
Norepinephrine was thought to enhance exercise via increased arousal and reward, but it 
does not improve performance. For example, norepinephrine reuptake inhibitors have 
resulted in no difference146,147 or even a decrease in performance148. Serotonin agonists 
and antagonists have been shown to decrease and increase exercise performance in 
rodents, respectively149,150. But findings from human studies modulating serotonin levels 




serotonin151, have been shown to improve performance on executive function tests after 
exercise152, which suggests that low levels of serotonin could reduce mental fatigue 
associated with exercise and result in improvement based on the theory that mental 
fatigue contributes to exercise fatigue130. Early serotonin pharmacological 
interventions153,154 demonstrate reduced performance with selective serotonin reuptake 
inhibitors (i.e. increased serotonin transmission). However, later nutritional154,155 and 
other pharmacological interventions156,157 have not replicated serotonin’s involvement in 
exercise fatigue. This can potentially be explained by the strong influence of other 
neurotransmitters, such as DA, which during exercise has been shown to decrease while 
serotonin increases, leading Davis and Bailey (1997)144 to propose that ratio of DA and 
serotonin influence exercise fatigue rather than serotonin alone.  
 
The role that DA plays in submaximal exercise158  is partly responsible for its proposed 
role in exercise fatigue. Marshall et al. (1979)159 demonstrated apomorphine and L-dopa 
improved swimming impairment thought to be caused by an age-related deficit in the DA 
system. This was supported by Heyes et al. (1985)138 who demonstrated that 
administration of apomorphine, an amphetamine DA agonist, could rescue exercise in 
rats after injection of a selective DA neurotoxin, 6-hydroxydopamine (6-OHDA). By 
showing that clonidine, a norepinephrine agonist, did not rescue exercise, authors 
concluded that both the reduction and recovery in exercise was DA mediated. Destruction 
of DA by the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in rodents160, 
monkey’s161, and humans162 lead to Parkinson’s syndrome, which can be treated by 
administration of L-dopa or neural stem cells implanted into the basal ganglia to improve 
DA transmission163. It is clear that voluntary movement heavily depends on dopaminergic 
transmission, however the use of varied protocols to investigate DA’s role in exercise 
make it difficult to pin down its specific role(s) in exercise regulation164. Further, DA’s 
role in exercise has not always been replicated165,166 167. Thus, although it is certain that 
DA is important for exercise, its exact role remains unclear. In order to better understand 
DA’s role in exercise we will next discuss the movement related neural pathways in 





1.7.2.1 Dopaminergic pathways and the facilitation model 
 
With advances in MRI scanning protocols and analyses, such as diffusion tensor imaging 
and functional network analyses, exercise scientists became increasingly interested in 
how brain networks influence exercise fatigue. Dopamine (DA) is largely synthesized in 
the cell bodies of the ventral tegmental area and substantia nigra but can influence 
neurotransmission in other parts of the brain through several dopaminergic tracts (Figure 
2D): (1) the basal ganglia168 via the nigrostriatal tract, which is important for 
movement169, (2) the pituitary and hypothalamus via the tubero-infundibular tract (3) the 
nucleus accumbens via the mesolimbic pathway and (4) the frontal cortex via the 
mesocortical tract. The mesocortical and mesolimbic pathway overlap in the ventral 
tegmental area and together form a mesocorticolimbic pathway, which are together 
important for emotion and motivation170,171.  
 
In conjunction with these pathways, DA-regulated21 re-entrant basal ganglia-cortical 
loops allow for moment-to-moment modifications to regulate motor control172,173. The 
mesocorticolimbic pathway is thought to be a critical part of the motor facilitation system 
proposed by Tanaka and Watanabe174 where by motivational input into the basal ganglia 
can influence motor output175,176. The basal ganglia and areas of the prefrontal cortex, 
such as the OFC, and ACC, are thought to perform a facilitating role in order to 
compensate for reduced motor drive during fatigue174 and have been recognized 
elsewhere as important regions during muscle fatigue93. Although, authors do not specify 
how sub regions of the ACC or basal ganglia are specifically involved. Evidence from 
Liu et al. (2007)177  suggests that regions such as the ACC and prefrontal cortex 
compensate for handgrip muscle fatigue by increasing activation throughout the task, 
while Jiang et al. (2007) proposed strengthening of FC between motor cortices as a 
possible compensatory mechanism. Both of these results are in line with the proposed 
facilitation model.  
 
The facilitation network is a set of structures that could be important substrates for 




challenging to empirically integrate motivation and mechanisms of supraspinal muscle 
fatigue into a single cohesive model. Indeed, the proposed facilitation network model 
non-specifically describes ROI to ROI involvement. Further, despite that motivational 
aspects described by the facilitation network and reduction of motor drive are intuitively 
related, the facilitation network and processes reducing motor output are separate 
constructs. Hence, Tanaka and Watanabe174 separately proposed an inhibitory model in 
the same review. A key region of the proposed inhibitory system is the IC, which is a 
region thought to be important for the perception of effort, decision for the 
disengagement of exercise2,72,116, and interoception of disturbed homeostatic stimuli91. 
Further, the IC is thought to influence M1 during fatiguing cycling116. Thus, the IC’s role 
as a region influencing descending drive during muscle fatigue is warranted. 
 
Other dopaminergic pathways important for the regulation of movement are the indirect 
and direct pathways. The subthalamic nucleus and caudal substantia nigra influence the 
motor cortex via dopaminergic indirect and direct pathways to putamen and the internal 
and external segment of the globus pallidus (Figure 43-6 in Kandel et al. (2000)21), which 
then influence the motor cortex via the thalamus178 and caudate179. However, the 
indirect/direct pathways are more commonly associated with movement 
inhibition/excitation and the generation of involuntary motor actions in disease. For 
example, disruption of these pathways lead to hypo- or hyperkinetic disorders such as 
parkinson’s disease and chorea, respectively. There is a potential role of the subthalamic 
nucleus and caudal substantia nigra for dopaminergic influence and would be excellent 
substrates of a region specific hypothesis but these areas particularly difficult to directly 
investigate in human populations given the small volume of brain matter and the deep 
brain location of these regions180. Further, the indirect/direct pathways contain many 
gamma-aminobutyric acid-mediated segments. Thus, although the regions of the 
indirect/direct pathways play a potential role, they are not ROIs in this thesis for 
elucidating a dopaminergic mechanism involved in the regulation of muscle fatigue 





In the subsequent section, we discuss the literature and rationale for investigating the 
effect of an ergogenic stimulant and DA reuptake inhibitor, MPH, on supraspinal 
mechanisms during a muscle-fatiguing task. 
  
1.8 Investigating supraspinal mechanisms of muscle fatigue using an ergogenic 
stimulant and functional imaging 
 
The CGM predicts181 that stimulants that dampen regulatory controls14  and increase 
motivation should enhance motor drive during exercise. The psychobiological model 
proposes, although somewhat vaguely, that stimulants influence efference copy17,182, 
which in turn influence motor drive perhaps via a reduction of RPE or increased 
motivation. While on the other hand, the neurotransmitter hypothesis suggests that 
reduced DA transmission can potentially be rescued by increasing failing 
neurotransmission. 
 
MPH is a norepinephrine and DA reuptake inhibitor that increases synaptic 
norepinephrine and DA transmission by blocking reuptake transporters183,184 on the 
presynaptic terminal. Although, its affinity for DA transporters is five-fold greater than 
for norepinephrine185. CNS stimulants have been shown to increase time to exhaustion 
during cycling12, to improve running and weightlifting performance13, and reduce fatigue 
during repetitive cycling sprints15. MPH’s ergogenic effects may be explained by the 
increase in DA transmission 145,186. MPH increases motivation and willingness to exert 
more effort18,187. Indeed, MPH binds 188 and acts on the mesocorticolimbic pathway, 
which according to Chaudhuri and Behan (2000, 2004)175,176 increases force output via 
increases in motivational input. This concept was later reformulated by Tanaka and 
Watanabe (Figure 2, in Tanaka and Watanabe (2012) 174) as previously discussed. 
However, investigation into this model as a source for increased motor output via M1 
must be done with caution since there is not a specific ROI to ROI data to formulate a 
specific functional hypothesis between the facilitation network and the motor cortices. 




states, the presence of disease offers confounding factors in interpreting fatigue 
mechanisms for healthy individuals.  
 
In a randomized double blind crossover design, Swart et al. (2009)1 demonstrated that 
participants were able to cycle for 32% longer in a fixed RPE trial after having taken 
MPH. Further, participants reached a higher percentage of maximal oxygen consumption 
(13%) heart rate (12%), and arterial lactate (43%). Authors concluded that MPH may 
have altered “the central interpretation of afferent sensory feedback from some, but not 
all, homeostatic regulators” (i.e. interoception). This study attempted to integrate the 
CGM with the neurotransmitter model by showing that feedback could be influenced by 
neurotransmitter manipulation. By showing that initial force outputs in placebo and MPH 
conditions were equal they further interpreted that MPH induced changes in 
somatosensory feedback, rather than feed forward mechanisms, were the source of 
improved performance.  
 
Roelands et al. (2008)14 demonstrated that cyclists completed a time trial 16% faster in 
30°C but not in 18°C after ingestion of MPH compared to control trials. Additional 
research by this group replicated this effect in humans 16 and rats189 using bupropion, also 
a norepinephrine and DA reuptake inhibitor.  In human studies, participants reached 
higher heart rate and body temperature in MPH conditions, but interestingly maintained 
the same rate of perceived exertion (RPE), which normally increases with these variables. 
Authors concluded that MPH may have increased motivation and maintained RPE while 
overriding thermoregulatory mechanisms during exercise. Further, Roelands et al. 
(2008)14  suggested that these effects were of dopaminergic origin145, instead of 
norepinephrine, based on bupropion’s temporal dopaminergic influences190. Furthering 
the notion that dopamine plays a role in MPH-induced increases in motor drive, it has 
been shown that rats bred for increased wheel running have higher dopaminergic tone 
than controls191 but do not ergogenically respond to MPH192. Conversely, control rats 





A recent meta-analysis193 demonstrated that caffeine induces a ~7% increase in force 
output. This study further demonstrated that although caffeine could have an impact 
anywhere along the motor pathway194 (e.g. on the muscle195), the collective data points to 
a supraspinal effect since caffeine has a greater effect on voluntary contraction than 
during superimposed involuntary stimulation193. Other independent reviews196 have made 
similar conclusions for caffeine’s ergogenic effect. Indeed, caffeine antagonistically acts 
on adenosine receptors leading to increased dopaminergic transmission197, motor 
activity198, and increased motivation197. However, the supraspinal neural mechanism(s) 
behind stimulant-related force increases are unknown. 
 
 
The influence of stimulants on the supraspinal regulatory mechanisms during exercise 
has infrequently been directly investigated using neuroimaging methods. Using EEG, 
Moree et al. (2014)17 examined motor cortical related potentials (MRCPs) during knee 
extensions with or without administration of caffeine. Caffeine caused a ~5% increase 
post-task MVC, a reduction in task-related RPE, and reduction in MRCP in the SMA and 
premotor cortices during the task, which are regions thought to be important for efference 
copy and perception of effort199. Authors proposed that the caffeine-induced reduction in 
MRCP in the SMA and premotor cortices was indicative of reduced corollary discharge 
associated with the concomitant decrease in perception of effort. Their study17 supports 
the notion that stimulants may affect efferent copy, leading to reduced RPE and 
potentially improved force output. Surface-level imaging methodologies have been used 
to examine the relationship between the CNS and muscle fatiguing exercise. For 
example, Subudhi et al. (2009)200 used near-infrared spectroscopy to show that prefrontal, 
premotor, and motor cortex deoxygenation during maximal exercise may contribute to a 
decision to stop exercise. In addition, Hilty et al. (2011)116 demonstrated increased EEG 
intracortical communication between the IC and M1 after fatiguing cycling exercise. The 
authors postulated that the IC was providing an inhibitory influence on M1. Although 
these studies greatly contribute to our understanding of the role of the brain in muscle 
fatigue (particularly for whole body exercise), they do not well-examine brain structures 
with a resolution offered by fMRI. Given that the proposed effect of ergogenic stimulants 




scanning provides an excellent model by which to study the supraspinal regulation of 
force output during muscle fatigue.  
 
1.9 Functional Magnetic Resonance Imaging (fMRI)  
 
fMRI enables us to indirectly map neural activity of the entire brain into three-
dimensional brain images with higher temporal and spatial resolution than other imaging 
methods (e.g. PET, EEG, near-infrared spectroscopy). fMRI is a safe non-invasive 
widely-used tool to examine task related neurophysiological events in a variety of 
experimental designs and populations. As a result, fMRI has become the preferred 
technique to examine whole brain activation from the BOLD signal. However, a 
significant drawback to fMRI is that the head must be in a fixed position, which is 
difficult to achieve during large extremity movement, such as cycling. As a result, muscle 
fatigue is often examined in the fMRI using either a maximal or submaximal fatiguing 
handgrip paradigm. Further, the fMRI environment is experimentally limited, as it must 
not include any paramagnetic material. In order to understand the methodology 
implemented in this thesis, we will next review fMRI and its analyses in advance of 
discussion of the aims, hypotheses, and experimental design. 
 
1.9.1 Nuclear spin and dipole moment generate nuclear precessing  
 
The protons and neutrons that make up atomic nuclei have an intrinsic characteristic 
known as spin (Figure 4A). Nuclear spin generates a magnetic dipole, which when in the 
presence of an external magnetic field (B0) interact to produce a precessing movement 
around the magnetic field axis (B0). The spinning nuclei itself also rotate around an axis. 
Like all spinning objects, precession is a result of angular momentum. The frequency of 
nuclear precession is known as the Larmor frequency (v0). In the absence of a magnetic 
field the orientation of nuclei precession is random (Figure 4B) and net magnetization 






Figure 4 Schematic of nuclear spin (A) in the presence and absence of a magnetic field (B). (Redrawn from 
Buxton et al., (2009) 201) 
However, in a magnetic field (B0) M0 aligns to form a weak equilibrium, where the 
difference in the number of spins now in line with B0 is approximately 1 in 1 000 000. 
Nuclear spin and precession are the basis for generating the nuclear magnetic resonance 
signal201. 
 
1.9.2 Generating the nuclear magnetic resonance (NMR) signal 
 
Hydrogen, which has a single proton in its nucleus, produces a particularly strong angular 
momentum and precesses around B0 axis of a magnetic field at a Larmor frequency of 
64Mhz. By using a radiofrequency (RF) pulse equal to hydrogen’s Larmor frequency the 
orientation of precession can be gradually tipped out of alignment following a declining 
spiral path. With this pulse, the precessing hydrogen protons become out of alignment to 
the magnetic field (B0) to form a high-energy state. Net magnetization is now slightly out 
of orientation. Once the RF pulse is switched off the H protons are free to change 
orientation, or relax, to re-align with the magnetic field, which reverses the process and 
produces a detectable electromagnetic current. The duration of time required for the 






because a magnetic dipole out of alignment has a higher energy state than one that is 
aligned.202 
 
1.9.3 Free induction decay and the nuclear magnetic resonance (NMR) signal  
 
The NMR signal is derived from free induction decay. Free refers to the freely processing 
nuclei, induction refers to the electromagnetic current generated by a changing magnetic 
field (using a RF pulse), and decay describes that this signal decreases over time (during 
T1 relaxation). The longer the RF pulse the larger the displacement angle known as flip 
angle, the larger the change in net magnetization, and the larger the NMR signal. There is 
a delay between a series of RF pulses known as scan repeat time (TR) that allows for 
relaxation. It’s during relaxation that a change in net magnetization creates a detectable 
current received by the receiver coil. Repeating this process generates MRI images. This 
signal is proportional to the length of the RF pulse and proton density, which in turn 
impacts the strength of M0 and strength of B0201. 
 
1.9.4 Spatial encoding and voxel organization 
 
The nuclear phenomenon explained thus far describes the processes that create the NMR 
signal. However, one of the invaluable characteristics of MRI is the generation of high-
resolution three-dimensional images. Three processes that spatially localize the NMR 
signal generate MRI images: 1) Slice selection is achieved during a pulse sequence 
through the application of a varying gradient magnetic field along the z-axis. Since 
protons precessing at the Larmor frequency selectively respond to the RF pulse, the NMR 
is narrowed down to a thin slice of brain tissue on the z-axis. 2) Next, opposing gradient 
fields are applied transversely in the x-axis generating a net signal that is composed of 
varied range of precessing frequencies, which can be subsequently separated and spatially 
localized using the fast Fourier transform. 3) Lastly, the y-axis is spatially encoded by 
repeatedly performing this process around the x-axis until a complete data set is formed. 





The MRI signal is spatially organized into three-dimensional units known as voxels. In 
fMRI each voxel contains a time series of MRI data (i.e. one time series of data per voxel 
per image), thus generating a four-dimensional data set. The physiological signal 
associated with fMRI is the BOLD signal.  
 
1.10 fMRI Analyses of the blood oxygen level dependent (BOLD) signal 
 
MRI’s most common research application measures the BOLD signal. The BOLD signal 
is dependent on the hemodynamic response, which can be defined as a localized 
increased in blood flow and oxygenation. The hemodynamic response occurs in order to 
supply oxygen to metabolically active cells and can be modeled with the hemodynamic 
response function203. Since deoxygenated blood is paramagnetic and oxygenated blood is 
isomagnetic, a sudden increase in the ratio of oxygenated to deoxygenated blood creates a 
localized change in surrounding magnetic field, which is detected and localized in space 
with a pulse sequence. Despite that neural activation well correlates to single cell 
recordings and local field potentials204 it should be noted that oxygen consumption by 
supporting glial, and not neuronal, cells could influence the intensity of the BOLD 
signal205. Indeed, the signaling process that regulate the hemodynamic response is not 
well understood and recently, it has been proposed that it may not be driven by an energy 
deficit but by neurotransmitter-mediated signaling involving glutamate206 and 
dopamine207. For example, dopaminergic modulation has been associated with both 
increases207 and decreases208 in cerebral blood flow, which is thought to be mediated by 
post-synaptic action of astrocytes or dopaminergic receptors on microvessels. 
Nonetheless, the BOLD signal is a proxy for brain activity with high temporal and spatial 
resolution203, which satisfies the methodological requirements of the questions addressed 





1.10.1 Activation Likelihood Analyses (ALE) of the blood oxygen level dependent 
(BOLD) signal 
 
ALE is a meta-analytic method used to compile activation coordinates from multiple 
studies that have examined a similar imaging question using varying experimental design. 
ALE analysis attempts to form a cluster of activation illustrating a three-dimensional 
probability distribution of activation and provides a probabilistic summary of the BOLD 
response in hundreds of participants, which is otherwise difficult to achieve in a single 
fMRI experiment. ALE is a particularly useful method for three reasons: (1) The number 
of participants that contribute to ALE data can be considerably larger than a single fMRI 
study (2) it reveals brain areas that are consistently active between studies, which through 
common activation demonstrates reliability and (3) it does so with statistical measure, 
which is particularly useful given the inter-participant, -scanner, and -experiment 
variability typical of a single fMRI study209. ALE studies assume a null hypothesis that 
brain activation occurs randomly and computes the probabilistic distribution of activation 
in a region.  
 
1.10.2 Task related and resting state analyses 
 
In task-based studies, fMRI research is interested in uncovering hidden 
neurophysiological processes related to a cognitive or motor task. Each voxel contains a 
time series of fMRI data (i.e. one data point per voxel per x number of images) and the 
fMRI signal time series is tested against a task model using a general linear model. In a 
block design, the task follows an on/off design (Figure 5A) and a task model is a function 
created from the convolution of the task time course (Figure 5D) and the canonical 
hemodynamic response function (Figure 5C). A convolved model allows for a more 







Figure 5. fMRI analysis modelling. A timecourse of a task (i.e on/off performance of a task) (A) and 
sample fMRI signal (B). The canonical hemodynamic function (C) is convolved with the boxcar function 
(D)  to create the task model (E). Using the general linear model, the task model (E) is correlated with the 
fMRI signal (B). Figure adapted from Poldrack et al. (2011)203.  
 
Statistical parametric maps (SPMs) are created by testing the correlation between the task 
model (Figure 5E) and the time series data (Figure 5B) using the general linear model at 
every voxel. Resting-state studies, on the other hand, examine task-free temporal 


















1.10.3 Correction for multiple comparisons and inference 
 
One of the unique statistical implications of fMRI analyses is that the GLM is performed 
at every voxel in the brain. This creates a situation where multiple testing corrections are 
required. By using family wise error rate (FWE) correction for multiple comparisons, 
voxel-level inference involves assessing whether the test statistic (T or F statistic) has 
reached significance in a single voxel with consideration for multiple testing across the 
whole brain.  
 
Voxel level inference may not be the optimal type of inference because spatial 
normalization and data signal smoothing spread the signal over neighboring voxels. 
Cluster-level significance is also used to assess activation that occurs in neighboring 
voxels. Taking into account the spatial connectedness or clustering of activated voxels 
reaching a defined threshold, a cluster-level significance describes a region of neural 
activity. However, an inherent problem with cluster-level significance is that the 
threshold is arbitrarily set. In practice, it is common to select a threshold of 0.01 or 
0.001203. Cluster level significance is a more sensitive approach of inference210.  
 
An alternative FWE correction to multiple testing is false discovery rate (FDR). FDR211 
helps avoid arbitrarily set thresholds and controls for the presence of false positives 
amongst the subset of significant tests that have rejected the null hypothesis212. Further, 
FDR corrected testing is well suited to exploratory analyses213, which is appropriate for 
brain connectivity analysis when a specific hypothesis cannot be established. 
 
1.10.4 Functional and Effective Connectivity Analyses 
 
Task-related BOLD analyses do not make conclusions on how regions function 
together206.  An increasingly common method of analyses of the BOLD signal is 
functional and effective connectivity (EC). FC and EC analyses attempt to relate the time 
course of the MRI signal between regions. Then with BOLD activations and structural 




during a task. Although similar, there is a clear difference between the two analyses: FC 
is a correlative measure typically used in resting state fMRI that may or may not reflect 
meaningful interactions214 (which is inherent to a task-free rest period), where as EC 
determines if brain regions are correlated in a meaningful way. Since we are interested in 
the relationship between specific brain regions during and after a fatiguing handgrip task 
we employed both EC and FC analyses using ROI-to-ROI psychophysiological 
interaction (PPI) and ROI-to-ROI FC to better understand these relationships. 
 
PPI is a measurement of effective connectivity214  and is the task dependent percent 
signal change between a seed and target ROI. A key feature of PPI is that a task-
dependent regressor, known as the PPI regressor, is created from a moment-by-moment 
product between the task regressor (e.g. periods of grip) and seed region signal. The PPI 
regressor attempts to predict changes in correlated neuronal activity occurring only 
during the task (see Figure 2 in O'Reilly et al. (2012) 215). The PPI regressor is tested in a 
regression model with the task time course and a target signal in a ROI. PPI coefficients 
are measures of task dependent signal change where as, FC is quantified by Pearson 
correlation coefficients. Although PPI coefficients are an indicator of effective 
connectivity214, it is important to note that PPI does not predict directional influences 
between ROIs. Other effective connectivity methods, such as dynamic causal modeling 
(DCM), are used to measure directional links between multiple regions in the brain. 
However, we did not implement DCM in this thesis since DCM requires task activation 
in both investigated areas as a prerequisite 214. We plan to investigate IC and motor cortex 
PPIs during the task and in the moments prior to task failure. Previous research 
implementing the identical grip paradigm used in this thesis did not show activation in 
the hand motor cortex area2 just prior to task failure and grip-related contrasts were not 
performed in the previous study. Further, and of more practical and dissemination 
reasons, PPI is well translatable 214 to those who do not have a background in 
mathematics required to fully understand DCM. Thus, in this thesis we implemented PPI 





There are many methods of analyses to address resting state FC. Popular types of 
analyses include independent or principle component network analyses. Although an 
attractive method for isolating changes in networks we did not have specific hypothesis 
regarding this network connectivity (e.g. the default mode network). Instead, we sought 
to examine brain connectivity changes between well-defined, functionally specific, and 
hypothesis driven ROIs, such as bilateral M1, IC, and others regions associated with the 
interoception of disturbed homeostasis79 and fatigue93, such as the OFC and ACC.  
 
1.11 Research purpose, questions and overview: 
1.11.1 Research purpose 
 
It is clear that the regulation of handgrip muscle fatigue is a complex phenomenon 
influenced by a multitude of peripheral, central, and task specific factors. The CGM, 
psychobiological, and neurotransmitter models recognize that motor drive is centrally 
regulated1,72 and proponents of these models refer to “brain regulatory centers”11 or 
neural pathways “upstream of the motor cortex” 72,93. Although, these pathways have 
been investigated68,177,216, the interactions that lead to reduced motor drive and the 
subsequent effects of muscle on the CNS have not been well established. The aim of this 
thesis is to understand the brain processes that regulate handgrip and handgrip muscle 
fatigue by using fMRI and several analysis methods described above.  
 
To investigate the brain regions associated with central fatigue of handgrip it is best to 
first establish task-specific ROIs and then form directed hypotheses prior to data 
collection and analyses. The ROI to be examined should be chosen independently of the 
data being analyzed. This is done to circumvent circularity errors described by Vul et al. 
(2009)217 and others218. This can be achieved using localizer tasks however given the 
aforementioned benefits to ALE (i.e. number of participants etc. see section 1.10.1) as 
well as the variability associated with the hand motor cortex219, this analysis method is 
chosen to develop ROIs. Understanding the supraspinal mechanisms influencing 




enable us to gain a greater understanding of how muscle fatigue affects the brain. Thus, 
to address the purpose of this thesis the following research questions have been 
highlighted: 
 
1.11.2 Research questions:  
 
Chapter Two - How does the brain control handgrip? 
 
If we are to fully understand the supraspinal mechanisms behind handgrip then it is 
logical to examine the differences between the fundamental type and pattern of grip. 
Although the differences between grip type and pattern have been investigated35,36, the 
regions that differentially regulate grip type and pattern remain equivocal. Thus, the 
primary focus of Chapter two is to examine the similarities and differences between grip 
type and pattern using ALE analyses. Further, a major component of this thesis is 
directed at examining the supraspinal mechanisms of handgrip fatigue and thus an ALE 
analysis of the brain activations associated with handgrip will provide important regions 
of interest to examine fatigue.  
 
Chapter three - How does MPH affect force output, brain activation, and effective 
connectivity during a submaximal fatiguing handgrip task? 
 
MPH has been shown to increase force production during exercise1. A central fatigue 
theory proposes that motor drive is limited to maintain homeostasis. Recently the IC, 
which is a brain region critical for interoception of disturbed homeostasis220, was shown 
to be a important structure for the decision to terminate exercise (i.e. task failure)2 during 
a submaximal fatiguing handgrip task. The IC’s proposed role in the limitation of motor 
drive via inhibition to the motor cortices116  suggests that the IC could be a supraspinal 
substrate for the limitation of force output upstream of the motor cortex. Given that force 
output is increased with MPH administration then it is possible that this relationship 
could be modified by MPH. On the other hand, MPH increases dopaminergic 




production via increased willingness to exert more force. Thus, we aim to determine 1) 
whether MPH will improve mean trial force and 2) alter brain activation and effective 
connectivity during a muscle fatiguing handgrip and/or in the moments prior to task 
failure. We specifically investigate effective connectivity between the IC and motor 
cortices, as well as the facilitation network proposed by Tanaka and Watanabe (2012)174. 
 
Chapter Four - How does a fatiguing handgrip task and MPH interact to influence 
functional connectivity in the recovery period after exercise? 
 
Previous research indicates that the brain continues to be influenced during the recovery 
period after exercise has ceased124 (e.g. interhemispheric M1 disruption221) and that tasks 
may influence subsequent resting state brain activity222. Task-related networks have also 
been shown to persist into subsequent resting state periods222.  Indeed, muscle fatigue is a 
lasting disturbed homeostatic state characterized by a temporary inability to produce or 
maintain force output10. Thus, we sought to investigate brain functional connectivity 
changes in the recovery period after a fatiguing handgrip exercise. We aim to determine 
if brain connectivity observed during the task persist into the recovery period after 
exercise. Further, we investigate whether performing a fatiguing handgrip task will 
disturb functional connectivity in the period after exercise and whether this will occur to 
a greater extent after performing handgrip with MPH. 
 
1.11.3 Overview of experimental chapters: 
 
To address the question related to Chapter two, I performed an ALE meta-anlysis of 
handgrip. Then to address the question related to Chapter three and four, I performed two 
studies in parallel on the same participants to address the effect of MPH and handgrip 
muscle fatigue on brain activation and connectivity. In a double blind counter balanced 
design participants ingested placebo or MPH and subsequently performed three scans 1) 
pre-task resting state scan (green rectangle) 2) task scan during a fatiguing handgrip 




Chapter three examined the task-related data during muscle fatiguing handgrip task and 
Chapter four examined the resting state data before and after the task. 
 












2 Chapter Two 
Understanding the regions that regulate handgrip; what are the similarities and       






Handgrip is a ubiquitous human movement that was critical in our evolution. However, 
the differences in brain activity between grip type (i.e. power or precision) and pattern 
(i.e. dynamic or static) are not fully understood. In order to address this, we performed 
ALE analysis between grip type and grip pattern using fMRI data. ALE provides a 
probabilistic summary of the BOLD response in hundreds of participants, which is often 
beyond the scope of a single fMRI experiment. We collected data from 28 functional 
magnetic resonance data sets, which included a total of 398 male and female participants. 
Using ALE, we analyzed the BOLD response during power, precision, static and 
dynamic grip in a range of force and age in right handed healthy individuals without 
physical impairment, cardiovascular, or neurological dysfunction using a variety of grip 
tools, feedback, and experimental training. Power grip generates unique activation in the 
postcentral gyrus (area 1 and 3b) and precision grip generates unique activation in the 
supplementary motor area (SMA, area 6) and precentral gyrus (area 4a). Dynamic 
handgrip generates unique activation in the precentral gyrus (area 4p) and SMA (area 6) 
and of particular interest, both dynamic and static grip share activation in the area 2 of the 
postcentral gyrus, an area implicated in the evolution of human handgrip. According to 
effect size analysis, precision and dynamic grip generates stronger activity than power 
and static, respectively. This chapter demonstrates specific differences between grip type 
and pattern. However, there was a large degree of overlap in the pre and postcentral 
gyrus, SMA and areas of the frontal-parietal-cerebellar network, which indicates that 
other mechanisms are potentially involved in regulating handgrip. Further, this chapter 
provides empirically based regions of interest that will be used to study muscle fatigue 







In Chapter one, I explained that human beings are unique in their ability to grip objects 
using four fingers and an opposable thumb. Early in human evolution, Homo habilis 
(taken from Latin to mean ‘able handyman’)3 distinguished itself from other early 
hominids by its ability to use its hands with two advantageous grips: the power and 
precision grip4,5. The power grip (Figure 1A) has been extensively studied4,31,36,40,64,223-226 
and is thought to have been selected for aggressive actions such as clubbing5. The 
precision grip4,36-38,227,228(Figure 1B) is used for actions requiring accuracy and was 
selected for actions such as spear throwing4,5, tool manufacturing6 and tool use5,7. These 
grips can be applied in either a dynamic or static pattern7. Dynamic handgrip is a series of 
intermittent or rhythmic forces, where as static is a fixed force. Despite the fundamental 
role of handgrip in human evolution4,5, a consensus of the similarities and differences 
between them remains elusive. The brain mechanisms involved in hand movement have 
been recently reviewed229,229,230 but a meta-analysis of the brain’s BOLD sinal associated 
with the grip type or pattern, using ALE, a method of meta-analysis for fMRI, has not 
been performed. fMRI measures the alteration of the magnetic field caused by an 
imbalance between oxy- and deoxyhaemoglobin231 and the BOLD signal is thought to be 
a proxy for brain activity231. 
 
Previous research suggests that grip type31 and pattern228,232 have differing brain activity. 
Indeed, power and precision grip are physiologically and anatomically different7; there 
are grip specific bone and muscular adaptations for each6, both thought to be developed 
near the origin of hominid lineage5. The power grip requires a much larger proportion of 
extrinsic muscles, where as the precision grip relies more on intrinsic muscles4,19. 
Further, the application of these grips are primarily for force and precision, respectively, 
and thus the muscle volume, force and sensory feedback generated during power grip is 
greater than precision grip19; after all how often does one precision grip a sledge hammer 
or power grip a dart. On the other hand, dynamic grip involves the repetitive recruitment 




sustained force (i.e. isometric contraction). Thus, brain activation should greatly differ 
between grip pattern.  
 
Currently, the relationship between grip type or pattern and brain activation is equivocal. 
Brain activation during power and precision grip is comparable but only at lower 
forces31; at greater force power grip produces greater brain activation32-34. Further, 
precision is thought to generate more ipsilateral brain activity in the premotor and parietal 
cortices36. On the other hand, dynamic forces produce greater activation than during static 
force but this trend is region40and movement42 specific.  
 
The ALE meta-analysis presented here analyzes the BOLD signal for handgrip type and 
pattern. Such an analysis has not been performed and an ALE meta-analysis will provide 
a description of the brain regions involved in grip, which can be subsequently used as 
empirically derived apriori ROIs for further analysis in this thesis. The purposes of this 
chapter are: 1) to elucidate the similarities and differences that exist between grip type 
(power vs precision) and grip pattern (static vs dynamic). 2) to determine which grip type 
and pattern generates stronger activations and  3) to provide empirically based ROIs to be 
implemented in Chapter three and four of this thesis. In doing so we hope to to give a 
comprehensive illustration of the brain areas associated with a fundamental and 
evolutionary important human movement. 
 
2.3 Methods 
2.3.1 Activation likelihood analysis (ALE) 
 
A voxel can be defined as a unit of volume specified within a coordinate system to 
indicate spatial location in the brain. In fMRI imaging, voxels are assigned a coordinate 
to indicate location of activation. An ALE voxel represents a brain coordinate that is 
consistently active over n number of studies. ALE is used to compile peak activation 
coordinates from multiple studies that have examined a similar question using varying 




three-dimensional probability distribution of activation and provides a probabilistic 
summary of the BOLD response in hundreds of participants, which is otherwise difficult 
to achieve in a single fMRI experiment. ALE is a particularly useful method for three 
reasons: (1) The number of participants that contribute ALE data can be considerably 
larger than a single fMRI study (2) it reveals brain areas that are consistently active 
between studies, which through common activation demonstrates reliability and (3) it 
does so with statistical measure, which is particularly useful given the inter-participant, -
scanner, and -experiment variability typical of a single fMRI study209. ALE studies 
assume a null hypothesis that brain activation occurs randomly and computes the 
probabilistic distribution of activation in a region. A more detailed description of ALE209 
and other neuroimaging meta-analysis techniques, such as kernel density analysis and 
signed differential mapping, can be found in Radua et al. (2012)233.  
 
2.3.2 PRISMA  
 
We used Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) framework234 to collect and report our meta-analysis. 
 
 
Figure 7. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 
framework. We performed our meta-analysis according to PRISMA. Various combinations of Handgrip, 
MVC, MRI, fMRI, hand grip search criteria were searched in PubMed and 134 results were subsequently 
identified, screened, determined to be eligible and included for analysis. Data from 398 participants within 






134 distinct search results were identified using the following terms: Handgrip fMRI, 
Handgrip MRI, Handgrip BOLD, "hand grip" fMRI, "hand grip" MRI, "hand grip" 
BOLD, MVC fMRI, MVC MRI, MVC BOLD, grip force fMRI, grip force MRI and grip 
force BOLD. Both “maximal voluntary contraction” and “MVC” were used and precision 
and power grip were used in place of handgrip. This search criteria was last performed on 




Papers were excluded that investigated other modalities (left hand, finger and wrist 
flexion, etc., n = 46 for precision), non-brain fMRI studies (skeletal, cardiac, eye etc., n = 
40,) case studies (n=6) or clinical studies (multiple sclerosis, stroke, lesions etc., n=65) 
not containing healthy controls, non-BOLD fMRI or other imaging modalities (diffusion 
tensor imaging or positron emission tomography, n=22). Papers were also excluded if 
they were not written in English (n=4) or unrelated to handgrip in the fMRI (n=68). It 




Thirty-two power and 31 precision papers remained after screening and were not eligible 
when: (1) authors did not perform their analysis on a voxel by voxel basis (e.g. using 
percent signal change, n=21) (2) regression analysis was performed with another variable 
other than age and force (e.g. effect of muscle ischemia, n=2) (3) when left and right 
handed grip were performed simultaneously (n=1) and (4) in any of the above cases when 







Thirteen papers (Table 1) examining right hand power grip and 15 papers (Table 2) 
examining right hand precision grip in healthy participants, ages 10-80 years were 
included in the meta-analysis. These studies employed dynamic (n=10), static (n=15), or 
both patterns (n=3) of grip. Keisker et al. (2009)236 and Keisker et al. (2010)40 used the 
same fourteen participants in two distinct studies. We used whole brain data in male and 
female participants, except for one ROI data set237. Coordinates that were reported as a 
regression to force238, or age239, were included in the analysis. 
 
2.3.3 Co-ordinate conversion and GingerALE 
 
Activated coordinates were recorded in a spreadsheet and subsequently converted into a 
text file. Any coordinate provided in Montreal Neurological Institute (MNI) standard 
space were converted to Talairach space using GingerALE’s (Version 2.3 
www.brainmap.org) convert foci tool; MNI standard space differs from Talairach 
space235 and this step was performed to ensure consistency between foci. The text file 
was then formatted according to the user manual and analyzed using the import tool on 
GingerALE’s graphic user interface. ALE images were generated and visualized on the 
Talairach brain “colin.nii” (downloaded here: http://www.brainmap.org/ale/colin1.1.nii), 
using Mango (Jack Lancaster, Michael Martinez: http://ric.uthscsa.edu/mango). A 
cluster-level inference threshold method was used with p<0.05 at 1000 permutations. 
Each image is thresholded with a minimum cluster threshold that includes clusters 
composed only of coordinates with a significant ALE statistic209. Mask size was set as 
“more conservative (smaller)” with dimensions 80 x 96 x 70mm. The cluster forming 
details were as follows: full width half maximum minimum value = 8.696mm, median 
value = 9.501mm, and maximum value = 11.373, cluster-forming method = uncorrected 





2.3.4 Analysis  
 
This chapter compiles the BOLD response during voluntary grip in a range of force, age, 
grip type (power and precision) and pattern of grip (dynamic and static) in right handed 
healthy individuals (males and females without physical impairment, cardiovascular or 
neurological dysfunction) using a variety of grip tools, force feedback (visual or tactile) 
and experimental training (Table 1, Table 2). A description of these variables can be seen 
in section 2.3.7. Coordinates within a single study that utilized power and precision31,36 or 
dynamic and static228,236 were not used if reported activations combined modality, as 
activation related to this is potentially different. This chapter attempts to compare grip 
type and pattern and this is best selected separately and then computed in GingerALE. 
Coordinates generated from brain activity associated with other upper extremity 
movements such as finger242 and wrist226 flexion were excluded to maintain the purposes 
of this meta-analysis (see section 2.2.). 
 
2.3.5 Types of activation likelihood estimation images 
 
In order to determine the brain regions associated with grip type and pattern we first 
generated ALE images for grip type and grip pattern. Secondly, we performed 
conjunction and subtraction analysis between these images.  
 
A conjunction analysis is performed from two ALE images and isolates commonly active 
regions, where as a subtraction analysis is performed from two ALE images and isolates 
unique activations. Thirdly, we generated a supplementary ALE image of all studies 
involved in a supplementary analysis. Given that we had four conditions from which to 
analyze we performed an ALE image for each type and pattern, a conjunction between 
each type and pattern, two subtractions per type and pattern and one ALE combining all 





2.3.6 Analysis of effect size 
 
After performing ALE analysis we wanted to determine the strength of activation 
between grip type and grip pattern; ALE is suitable for determining the location of 
converging foci between experiments but not the strength of activation. To address this, 
we calculated the effect size per voxel from the original data sets and then the mean 
effect size for each condition (i.e grip type and pattern). We calculated Cohen’s d from z 
and t statistics that were reported with activated coordinates using 2t/√df and 2z√n, 
respectively. Knowing that previous work has shown that the force-activation 
relationship is linear in the SMC32-34 we sought to normalize the strength of activation in 
this region by mean % MVC. In order to do this we divided the mean effect size per 
condition (i.e. grip type or pattern) by the mean % MVC employed in the studies, which 
were 35.33±28.27, 12.68±11.44, 23.08±19.80 and 30.22±26.89 (SD) % MVC for power, 
precision, dynamic and static, respectively. We also performed effect size analysis 
between grip type and pattern in the ipsilateral cerebellum as Keisker et al. (2010) 
demonstrated that ipisilateral cerebellum generated stronger activations during dynamic 
than static40 (see 2.4.2). While this these steps are not typically included in an ALE 
analysis, it may help elucidate which type and pattern generates stronger brain activation.  
 
2.3.7 Variables considered  
 
fMRI has been used in a plethora of research designs to reveal the effect of type 36,229 and 
pattern of grip40, age39,64,225, force33,64,237 handedness238 and disease39,239,240. In our 
analysis we considered how these variables should be included in our ALE and are 
described next.  
 
2.3.7.1 Voluntary force and age 
 
Voluntary force is measured as either absolute force in Newton (N), (where N = Kg·m/s2) 




activation data from involuntary handgrip, such as those produced by electromuscular or 
transcranial magnetic stimulation. Two of the power grip studies39 included some 
participants who were greater than 60 years of age. Nearing this age the strength of 
activation during handgrip is different than that of younger participants64. Given that the 
study wasn’t a homogeneously aged population, that the mean ages of these studies were 
below 50 years and that aged participant’s data represents a small fraction of the total 
sample size it will provide little influence on the results. Excluding the entire data set 
would reduce statistical power and consequently we maintained the use of this data.  
 
2.3.7.2 Right handed healthy individuals 
 
This study included right handed healthy males and females, except for 1 of the 26 
participants in Ward’s 2003 study 39 who performed the task with their dominant left 
hand. We included this data assuming that 1 of 238 participants would not significantly 
impact the outcome of our analysis. Excluding the entire data set would reduce statistical 
power and consequently, we maintained the use of Ward’s data. Sclocco et al. (2012)224 
used alternating right and left handed grips in right handed participants. To resolve this 
we contacted the authors directly to obtain only those coordinates during right handgrips.  
 
2.3.7.3 Pattern of grip 
 
Researchers typically examine handgrip movement in a dynamic or static grip pattern. 
Dynamic handgrip is a series of intermittent or rhythmic grips typically lasting 0 - 3.5 
seconds where as static handgrip is a fixed grip lasting greater than 3.5 seconds. For 





Table 1. Gender, reported participant statistics, force, grip pattern, tool, study design and type of feedback 
for studies included for power grip.  
a. Participants were asked to grip lightly at a force of 2Hz and through personal correspondence authors indicated that although unspecified in the 
publication that participants were gripping at roughly 10% of their maximum. 




Grip Tool Analysis Force 
Feedback 
Goswami et al. 
2011226 
12 (8F) 25±3 (range) 35% Static 
 
Dynamometer Block External: 
visual 
Keisker et al. 2009249 14 (7F) 21-33 (range) 10, 20 and 
30% 
Static Dynamometer Block External: 
visual 
Keisker et al. 201040 14 (7F) 21-33 (range) 20% Static Dynamometer Block External: 
visual 
Schmidt et al. 2009223 20 (10F) 21±1 (range) 100% Static Plastic cylinders 
surrounding 
compressed air tube 
Block External: 
visual 
Ehrsson et al. 200036 5M 21-27 (range) 4.8% Dynamic Plastic cylindrical tube Block External: 
vibrotactile 
cue 
Ward et al. 200339 26 (9F) 
 
M= 50.2, 27±80,  
F= 44.7, 26±66 
(mean, range) 
10, 20, 40 and 
60% 




Hilty et al. 20102 15M 26.4±4.5 (mean±SD) 70% Static 
 
Dynamometer Block External: 
visual 
Kurniawan et al. 
2010241 






Talelli et al. 2008251 27 (9F) 19-78 years, 42.2 
±19.8 years (range, 
mean±SD) 
15.8-54.9% Dynamic Manipulandum Block External: 
visual 














Wong et al. 2007238 17 (9F) 25±4 (mean±SD) 35% Static 
 




14 (7F) 26±5, 21-38 (mean 
±SD, range) 















Table 2. Gender, reported participant statistics, force, grip pattern, tool, study design and type of feedback 
for studies included for precision grip. 
a We calculated a percentage value from typical MVCs associated with precision grip (Ehrsson et al. (2000)36). Percentage values were not reported in 
these studies.b Authors could not be reached for the grip force generated. Our meta-analysis included activations from both high and low grip force. 




Grip Tool Analysis Force 
Feedback 
Sulzer et al. 2011227 5 (1F) 27-32 (range) 10,20,30% Dynamic MR-compatible 
force sensor 
Event External: visual 




Kuhtz-Buschbeck et al. 
200137 
8M 22-23 (range) 
28.5 (mean) 




Vaillancourt et al. 
2003242 
10 (7F)  21-35 (range) 15% Static Custom designed 
pinch tool 
Block External: visual 
or Internal: 
proprioception 
Galléa et al. 2005243 11(3F) Not reported 6.3 ±2.5% (5 ± 
2Na) 
Dynamic Circular grip tool Block External: visual 
Ehrsson et al. 2007244 6M 20-32 (range) 2.5±1.1% 
(2.0 ± 0.95Na) 




Kuhtz-Buschbeck et al. 
200831 
14 (7F) 26±5, 21-38 
(mean,range) 
1.28-9.77% Dynamic Non-metallic force 
transducers 
Block External: visual 
or Internal: 
proprioception 
Spraker et al. 2009245 12 (7F) 19-34 15% Static Polycarbonate 
apparatus 
Block External: visual 












Block External: visual 
Holmström et al. 
2011246 










Wasson et al. 2010247 11 (6F) 21-33 (range) 15% Dynamic Polycarbonate 
device 
Block External: visual 
Spraker et al. 2012259 11 (6F) 20-37 (range) 5-80% Static Custom grip 
device 
Block External: visual 




Static Force transducer Block External: visual 










paradigm, respectively. More simply, dynamic grips are short and frequent where as 
static is lasting and infrequent. Historically, the study of regularly timed dynamic limb 
movements (i.e the study of central pattern generators), such as walking, have been of 
great interest to scientists249-252. Although the studies used in this ALE included rhythmic 
contractions, which perhaps necessitate the use of central pattern generators our study 
was not per se designed to investigate them. Further, central pattern generators are 
thought to exert their control of movement largely from the spine 249. Our study 
investigated results of both arhythmic and rhythmic grip patterns in dynamic and static 
handgrip and consequently our results do not distinguish between activations involving 
the potential existence of supra-spinal central pattern generators. Since the frequency of 
grips is not associated with different brain activity232 we did not distinguish between the 
duration of rests in between the dynamic grips. The reasoning for these restrictions was to 
allow for sufficient statistical power and to maintain the purposes of the study. 
 
2.3.7.4 Grip tool, feedback, and experimental training 
 
The current analysis includes data regardless of the tool, feedback provided and 
experimental training. Handgrip studies employ various tools, either commercial or lab-
made, and our study included a variety of designs (Table 1, Table 2. In fMRI studies, 
participants are typically instructed to squeeze at a predetermined force; often the grip 
paradigm is practiced during an experimental training session and participants are 
instructed prior to performing the grip task. It is often the case that participant 
instructions are not reported despite the value235 for the interpretation and replication of 
brain imaging data. Handgrip force levels are often maintained in real time with the aid of 
visual or tactile feedback. Most of the studies used here employed external force 
feedback (e.g. visual or tactile), except for those that used a combination of both, or 
internal feedback generated from proprioceptive sensations learned during experimental 





2.3.8 Atlas’ used 
 
We interpreted our results using the SPM Anatomy Toolbox 1.7, a probabilistic 
cytoarchitectonic atlas. The SPM Anatomy Toolbox is a probabilistic atlas used within 
MATLAB to locate brain regions for neuroimaging research as defined by 
cytoarchitecture structure253. This atlas was created to resolve the problematic use of 
macro-anatomical landmarks, which do not take into account the microscopical 
architectonic organization254. Further, this atlas accounts for the inherent variation that 
exists in human neuroanatomy and provides a probability of a co-ordinate being located 
in a particular area. The probability assigned to a co-ordinate describes the frequency that 
a co-ordinate occurred in a cytoarchitectonic area out of ten post-mortem brains. Previous 
work255,256 has recommended that a probabilistic template be used when interpreting the 
location of activation and consequently we have used it here. It should be noted that the 
cytoarchitectonic atlas may have less optimal performance in areas such as the frontal 
and parietal lobes253. In Table 3 to Table 8, we indicate the probability of activation 
occurring in an area within the cytoarchitectonic atlas. We reported the cytoarchitectonic 
area with the highest frequency and included multiple areas when two or more areas were 
equally likely. Each cytoarchitectonic area occurs within a larger macroscopic feature and 
we have discussed our findings with references to these features. For example, area 4a is 
a cytoarchitectonic region within the anatomical feature precentral gryus. See respective 
references for a more detailed description of the following cytoarchitectonic areas: area 
1257, area 2258, area 3257, area 4259 and area 6260.  
 
2.4 Results 
2.4.1 ALE images 
 
A total of 398 participants from 28 data sets were included in our ALE analysis. We 
generated single (Figure 8, Figure 9, Figure 12, Figure 13) conjunction (Figure 10, Figure 
14) and subtraction (Figure 11, Figure 15) ALE contrasts for grip type and grip pattern. 




Figure 17). Cluster coordinate size, extrema, and locations comparing grip type and 
pattern can be seen in Tables 3-8. Images were interpreted according to extrema and 
location. Extrema represent the peak probability of converging activation between 
studies209 and we reported the area with the highest frequency in a given 
cytoarchitectonic area. In the case where two areas were equally likely we reported both 
areas. ALE results per condition are listed below: 
 
2.4.1.1 Power grip results 
 
For the power grip ALE (Table 3, Figure 8) we found cluster extrema in the L. precentral 
gyrus (area 4a), R. cerebellum (lobule V), L. SMA (area 6), L. middle cingulate cortex 
(area 6), R. supramarginal gyrus (hIP2 and IPC), L. rolandic operculum and L. inferior 
frontal gyrus (p. opercularis, area 44), L. cerebellum (lobule IV), L. precentral gyrus 
(area 44) and R. cerebellar vermis (lobule VI).  
 
Figure 8. ALE showing the BOLD response to power grip in the (1) L. precentral gyrus (area 4a), (2) R. 
cerebellum (lobule V), (3) L. SMA (area 6) and L. middle cingulate cortex (area 6) and (4) R. 
supramarginal gyrus (hIP2 and IPC), (5) L. rolandic operculum and L. inferior frontal gyrus (p. opercularis, 
area 44), (6) L. cerebellum (lobule IV), (7) L. precentral gyrus (area 44) and (8) R. cerebellar vermis 
(lobule VI). Cluster details can be seen in Table 3. Cluster forming threshold and cluster-level inference 
used were uncorrected p<0.001 and p<0.05, respectively. Anterior and posterior images are rotated 5 
degrees clockwise. Abbreviations: ALE – activation likelihood estimation, BOLD – blood oxygen level 









Table 3. Activation co-ordinates generated from power grip. ALE cluster coordinates were assigned an area 
using the SPM Anatomy Toolbox 1.7 and probability indicated in brackets (column 3). We reported the 
highest probable area and multiple areas were listed when the assigned probability was equal for two or 
more areas. Areas were assigned based on extrema coordinates ± 5mm and multiple extrema were reported 
within a cluster when the cluster spanned over more than one brain area (cluster #3,5). Clusters are 
displayed in Figure 8. Abbreviations: ALE – activation likelihood estimation analysis, SMA - 
supplementary motor area, hIP1, 2 - intraparietal sulcus 1, 2, IFG - inferior frontal gyrus IPC - intraparietal 
cortex. 
 













(x,y,z to x,y,z) 
#1 Figure 8 3792 L. Area 4a (40%) L. Precentral Gyrus -37,-25,56 -50,-32,42 to -28,-18,66 
#2 Figure 8 1712 R. Lobule V (56%) R. Cerebellum 15,-49,-20 4,-58,-28 to 24,-42,-14 
#3 Figure 8 
 1560 L. Area 6 (70%) L. SMA -3,-2 ,51 -10,-10,42 to 4,4,60 
- -  L. Area 6 (40%) 
L. Middle Cingulate 
Cortex 
-6,0,44 - 
#4 Figure 8 1184 
R. hIP2 (30%) 




48,-38,44 42,-42,38 to 54,-32,50 
#5 Figure 8 
 
976 




-40,-2,14 -60,-6,8 to -38,10,20 
- - L. Area 44 (50%) L.IFG(p. Opercularis) -56,6,14 - 
#6 Figure 8 
 792 L. Lobule VI (44%) L. Cerebellum -30,-68,-20 -34,-72,-26 to -24,-58,-16 
#7 Figure 8 
 
744 L. Area 44 (20%) L. Precentral Gyrus -50,2,30 -56,-2,24 to -46,8,34 
#8 Figure 8 






2.4.1.2 Precision grip results 
 
For the precision grip ALE (Table 4, Figure 9) we found cluster extrema in the L. SMA 
(area 6), L. precentral gyrus (area 6), L. postcentral gyrus (area 3b), R. cerebellum (lobule 
V), R. inferior frontal gyrus (p. opercularis, area 44), R. rolandic operculum (area 44), 
and R. precentral gyrus (area 44). L. precentral gyrus (area 6) and R. postcentral gyrus. 
 
Figure 9. ALE showing the BOLD response to precision grip in the (1) L. SMA (area 6), (2) L. pre and 
postcentral gyrus (area 6 and 3b), (3) R. cerebellum (lobule V), (4) R. inferior frontal gyrus (p. opercularis, 
area 44), R. rolandic operculum (area 44) and R. precentral gyrus (area 44), (5) L. precentral gyrus (area 6) 
and (6) R. postcentral gyrus (IPC). Cluster details can be seen in Table 4. Cluster forming threshold and 
cluster-level inference used were p<0.001 and p<0.05, respectively. Anterior and posterior images are 
rotated 5 degrees clockwise. Abbreviations: ALE – activation likelihood estimation, BOLD – blood oxygen 
level dependent signal 
 
2.4.1.3 Power and precision conjunction and contrasts 
 
For the power + precision conjunction (Table 5, Figure 10) we found cluster extrema in 
the L. postcentral gyrus (area 3b) and L. precentral gyrus (area 4a), L. SMA (area 6), and 
L. middle cingulate cortex (area 6), R. cerebellum (lobule V), L. precentral gyrus (area 
44), and R. cerebellar vermis (lobule VI). For the precision - power contrast (Table 5, 
Figure 11, brown clusters) we found cluster extrema in the R. and L. SMA (area 6), L. 
precentral gyrus (area 4a), and L. precentral gyrus (area 6). For the power - precision 
contrast (Table 5, Figure 11, yellow clusters) we found cluster extrema in the L. 








Table 4. Activation co-ordinates generated from precision grip. ALE cluster coordinates were assigned an 
area using the SPM Anatomy Toolbox 1.7 and probability indicated in brackets (column 3). Areas were 
assigned based on extrema coordinates ± 5mm and multiple extrema were reported within a cluster when 
the cluster spanned over more than one brain area (cluster #2, 4). Clusters are displayed in Figure 9. 
Abbreviations: ALE – activation likelihood estimation, SMA - supplementary motor area, IFG - inferior 
frontal gyrus, IPC - intraparietal cortex. 
 














(x,y,z to x,y,z) 
#1 Figure 9 3832 L. Area 6 (70%) L. SMA 0,-4,54 -10,-14,44 to 8,4,60 
#2 Figure 9 2976 L. Area 6 (60%) L. Precentral Gyrus -32,-20,60 -50,-30,42 to -30,-14,62 
 - L. Area 3b (70%) L. Postcentral Gyrus -42,-24,48 - 
#3 Figure 9 2440 R. Lobule V (71%) R. Cerebellum 8,-54,-18 0,-64,-24 to 22,-46,-12 
#4 Figure 9 1496 R. Area 44 (40%) R. IFG (p. Opercularis) 54,8,26 42,0,8 to 58,10,30 
 - R. Area 44 (30%) R. Rolandic Operculum 54,4,12 - 
- - R. Area 44 (20%) R. Precentral Gyrus 46,2,26 - 
#5 Figure 9 432 L. Area 6 (60%) L. Precentral Gyrus -56,2,34 -58,-2,30 to -52,6,38 












Figure 10. ALE showing the common activations between power and precision grip in the (1) L. post and 
precentral gyrus (area 3b and 4a), (2) L. SMA and L. middle cingulate cortex (area 6), (3) R. cerebellum 
(lobule V, VI), and (4) L. precentral gyrus (area 44). Cluster details can be seen in Table 5. Uncorrected 
p<0.05. Anterior and posterior images are rotated 5 degrees clockwise. Abbreviations: ALE – activation 
likelihood estimation, SMA – supplementary motor area 
 
 
Figure 11. ALE showing the differences between grip type. For the power - precision subtraction (yellow) 
our analysis revealed activation in the (1) L. postcentral gyrus (Area 1 and 3b) and (2) R. supramarginal 
gyrus (hIP2). Cluster details can be seen in Table 5. For the precision - power subtraction (brown) our 
analysis revealed (3) L. precentral gyrus (area 4a and area 6) and (4) R. and L. SMA (area 6). Cluster 
details can be seen in Table 5. Uncorrected p<0.05. Anterior and posterior images are rotated 5 degrees 








Table 5. Activation co-ordinates generated from the conjunction of power + precision grip, power - 
precision grip and precision - power. ALE cluster coordinates were assigned an area using the SPM 
Anatomy Toolbox 1.7 and probability indicated in brackets (column 4). Areas were assigned based on 
extrema coordinates ± 5mm and multiple extrema were reported within a cluster when the cluster spanned 
over more than one brain area (e.g. power + precision cluster #1). Clusters are displayed in Figure 10 (blue) 
and Figure 11 (yellow and brown). Abbreviations: ALE – activation likelihood estimation, SMA - 


















(x,y,z to x,y,z) 
 
Power + Precision 
#1 Figure 10 1984 L. Area 3b (60%) L. Postcentral Gyrus -38,-24,50 -48,-30,42 to -30,-18,62 
 - 
 
L. Area 4a (50%)  L. Precentral Gyrus -34,-20,58 - 




L. Area 6 (40%) 
L. Middle Cingulate 
Cortex 
-6,0,44 - 
 #3 Figure 10 1096 R. Lobule V (56%) R. Cerebellum 16,-50,-20 4,-58,-24 to 22,-46,-14 
 #4 Figure 10 
 
176 L. Area 44 (20%) L. Precentral Gyrus -52,2,32 -56,-2,30 to -52,6,34 
 
#5 Figure 10 40 
R. Lobule VI (56%) 
 
R. Cerebellar Vermis 6,-64,-22 4,-64,-22 to 6,-64,-18 
Power - Precision 
#1 Figure 11 430 
L. Area 1 (30%) 
L. Area 3b (30%) 
L. Postcentral Gyrus -30,-32,64 -38,-32,58 to -28,-26,66 
   L. Area 3b (50%) L. Postcentral Gyrus -34,-32,62  
 
#2 Figure 11 432  R. hIP2 (30%) 
R. SupraMarginal 
Gyrus 
50,-34,40 44,-38,40 to 52,-32,46 
Precision - Power #3 Figure 11 1088 R. Area 6 (40%) R. SMA 8,-4,48 -10,-14,4 to 8,0,56 
 - - L. Area 6 (70%) L. SMA -6,-10,52 - 
 #4 Figure 11 384  L. Area 4a (50%) L. Precentral Gyrus -42,-16,48 - 







2.4.1.4 Static grip 
 
For the static grip ALE (Table 6, Figure 12) we found cluster extrema in the L. 
postcentral gyrus (area 2), R. cerebellum (lobule V, VI), L. SMA (area 6), L. middle 
cingulate cortex (area 6), R. supramarginal gyrus (hIP2, IPC), R. inferior parietal lobule 
(hIP1, 2, 3), L. IC and L. rolandic operculum, R. rolandic operculum (area 44), and R. 
and L. thalamus (Th-prefrontal). 
 
 
Figure 12. ALE showing the BOLD response to static grip in the (1) L. postcentral gyrus (area 2), (2) R. 
cerebellum (lobule V, VI). (3) L. SMA and L. middle cingulate cortex (area 6), (4) R. supramarginal gyrus 
(hIP2 and IPC) and R. inferior parietal lobule (hIP1, 2, 3), (5) L. IC and L. rolandic operculum, (6) R. 
rolandic operculum (area 44), and (7) L. and (8) R. thalamus (Th-prefrontal). Cluster details can be seen in 
Table 6. Cluster forming threshold and cluster-level inference used were p<0.001 and p<0.05, respectively. 
Anterior and posterior images are rotated 5 degrees clockwise. Abbreviations: ALE – activation likelihood 
estimation, BOLD – blood oxygen level dependent signal, SMA – supplementary motor area, IC – insula 
cortex.  
 
2.4.1.5 Dynamic grip 
 
For the dynamic grip ALE (Table 7, Figure 13) we found cluster extrema in the L. 
postcentral gyrus (area 3b), L. precentral gyrus (area 6), R. cerebellum (lobule V), L. 







Table 6. Activation co-ordinates generated from static grip. ALE cluster coordinates were assigned an area 
using the SPM Anatomy Toolbox 1.7 and probability indicated in brackets (column 3). Areas were 
assigned based on extrema coordinates ± 5mm and multiple extrema were reported within a cluster when 
the cluster spanned over more than one brain area (cluster #2, 3, 4, 5). Clusters are displayed in Figure 12 
Abbreviations: ALE – activation likelihood estimation, SMA - supplementary motor area, hIP1, 2, 3 - 
intraparietal sulcus 1, 2, 3 IPC – intraparietal cortex – IC – Insula cortex 
 












(x,y,z to x,y,z) 
#1 Figure 12 3816 L. Area 2 (40%) L. Postcentral Gyrus -40,-26,52 -52,-34,44 to -30,-
18,64 
#2 Figure 12 3560 R. Lobule V (82%) R. Cerebellum 8,-56,-16 0,-70,-26 to 28,-42,-12 
-  R. Lobule VI (84%) R. Cerebellum 20,-52,-20 - 
- 
 
R. Lobule V (42%) R. Cerebellar Vermis 4,-64,-20 - 
#3 Figure 12 3464 L. Area 6 (70%) L. SMA -2,-4,56 -12,-12,40 to 6,6,62 
 
 
L. Area 6 (50%) 
L. Middle Cingulate 
Cortex 
-8,0,44 - 
#4 Figure 12 1760 
R. hIP2 (30%) 
R. IPC (30%) 
R. SupraMarginal 
Gyrus 
48,-38,44 32,-50,38 to 54,-32,50 
  
R. hIP1 (20%) 
R. hIP2 (20%) 
R. hIP3 (20%) 
R. Inferior Parietal 
Lobule 
36,-46,42 - 
#5 Figure 12 1320 L. IC (N/A) L. IC -40,-2,12 -56,-6,4 to -36,4,16 
   L. Area 44 (30%) 
L. Rolandic 
Operculum -52,2,14 - 
#6 Figure 12 768 R. Rolandic Operculum (N/A) 
R. Rolandic 
Operculum 50,2,12 36,0,10 to 58,6,18 
#7 Figure 12 
 
568 R. Th-Prefrontal (60%) R. Thalamus 12,-10,12 8,-16,8 to 16,-8,16 






2.4.1.6 Static and dynamic conjunction and contrasts 
 
For the static + dynamic conjunction ALE (Table 8, Figure 14) we found cluster extrema 
in the L. postcentral gyrus (area 2, 3b) and L. precentral gyrus (area 4a), R. cerebellum 
(lobule V, VI), and L. SMA (area 6). For the dynamic - static contrast (Table 8, Figure 
15) we found cluster extrema in the L. precentral gyrus (area 4p), L. SMA and L. middle 
cingulate cortex (area 6), L. precentral gyrus (area 6). For the static - dynamic contrast we 
did not find any ALE clusters.  
 
 
Figure 13. ALE showing the BOLD response to dynamic grip in the (1) L. post and precentral gyrus (area 
3b and 6), (2) R. cerebellum (lobule V), (3) L. SMA (area 6) and (4) L. precentral gyrus (area 44). Cluster 
details can be seen in Table 7. Cluster forming threshold and cluster-level inference used were p<0.001 and 
p<0.05, respectively. Anterior and posterior images are rotated 5 degrees clockwise. Abbreviations: ALE – 
activation likelihood estimation, SMA – supplementary motor area 
 
2.4.2 Effect size results 
 
ALE measures the occurrence but not strength of activation between studies. In order to 
resolve this, we assessed the strength of activation using effect size. Our analysis 
indicated that precision and dynamic grip generated stronger whole brain activation than 
power and static, respectively (ANOVA, Bonferroni, p<0.0001 see  
Figure 16 A). To further investigate this we separated effect sizes by region and tested for 
effect size differences between grip type and pattern in the SMC and ipsilateral 




perform effect size analysis in this region normalized by MVC (see section 2.3.6). 
Precision and dynamic grip demonstrated higher normalized effect sizes in the SMC than 
in the power and static grip (ANOVA, Bonferroni, p<0.0001, Figure 16B). Dynamic grip 
demonstrated higher effect sizes than static grip in the ipsilateral cerebellum (ANOVA, 
Bonferroni, p<0.05, Figure 16C) but not in grip type. 
 
Table 7. Activation co-ordinates generated from dynamic grip. ALE cluster coordinates were assigned an 
area using the SPM Anatomy Toolbox 1.7 and probability indicated in brackets (column 3). Areas were 
assigned based on extrema coordinates ± 5mm and multiple extrema were reported within a cluster when 
the cluster spanned over more than one brain area (cluster #1). Clusters are displayed in Figure 13. 
Abbreviations: ALE – activation likelihood estimation, SMA – supplementary motor area 
 













(x,y,z to x,y,z) 
#1 Figure 13 2832  L. Area 3b (80%) L. Postcentral Gyrus -40,-24,46 -48,-30,42 to -28,-14,66 
 
- L. Area 6 (60%) L. Precentral Gyrus -32,-20,62 - 
#2 Figure 13 
 
2016 R. Lobule V (80%) R. Cerebellum 12,-50,-20 4,-62,-26 to 22,-44,-14 
#3 Figure 13 
 
2000 L. Area 6 (80%) L. SMA 0,-6,54 -8,-14,42 to 4,2,60 
#4 Figure 13 
 








Figure 14. ALE showing the BOLD response to common activations between grip pattern in the (1) L. 
postcentral gyrus (area 2, 3b) and L. precentral gyrus (area 4a), (2) R. cerebellum (lobule V, VI), and (3) L. 
SMA (area 6). Cluster details can be seen in Table 8. Uncorrected p<0.05. Anterior and posterior images 
are rotated 5 degrees clockwise. Abbreviations: ALE – activation likelihood estimation, SMA – 
supplementary motor area 
 
 
Figure 15. ALE showing differences between grip pattern. For the dynamic - static grip subtraction our 
analysis revealed activation in the (1) L. precentral gyrus (area 4p), (2) L. SMA and L. middle cingulate 
cortex (area 6), (3) L. precentral gyrus (area 6) and (4) L. precentral gyrus (area 6). Cluster details can be 
seen in Table 8. Cluster forming threshold and cluster-level inference used were p<0.001 and p<0.05, 
respectively. Anterior and posterior images are rotated 5 degrees clockwise. Abbreviations: ALE – 





Table 8. Activation co-ordinates generated from the conjunction of static + dynamic grip and dynamic – 
static grip. No clusters were generated from the static - dynamic contrast.  ALE cluster coordinates were 
assigned an area using the SPM Anatomy Toolbox 1.7 and probability indicated in brackets (column 4). 
Areas were assigned based on extrema coordinates ± 5mm and multiple extrema were reported within a 
cluster when the cluster spanned over more than one brain area (e.g. static + dynamic cluster #1). Clusters 
are displayed in Figure 9. and Figure 10. Abbreviations: SMA - supplementary motor area., ALE – 


















(x,y,z to x,y,z) 
Static + Dynamic 
#1 Figure 14 1552 
L. Area 2 (50%)  
L. Area 3b (50%) 
L. Postcentral 
Gyrus 
-40,-26,48 -48,-30,44 to -30,-18,62 
  
 





#2 Figure 14 1384 
R. Lobule V 
(82%) 




R. Lobule VI 
(70%) 
R. Cerebellum 18,-50,-20 - 
 #3 Figure 14 1384 L. Area 6 (80%) L. SMA 0,-6,54 -8,-12,44 to 4,2,60 
Dynamic - Static 
#1 Figure 15 680 L. Area 4p (60%) 
L. Precentral 
Gyrus 
-39,-18 ,47 -44,-26,42 to -32,-14,54 
 #2 Figure 15 432 L. Area 6 (60%) L. SMA -8,-12,58 -8,-14,42 to 2,-4,60 
 





#3 Figure 15 288 L. Area 6 (90%) 
L. Precentral 
Gyrus 
-30,-20,66 -34,-24,58 to -28,-16,66 
 
#4 Figure 15 248 L. Area 6 (40%) 
L. Precentral 
Gyrus 







Figure 16. Effect sizes of grip type and pattern in whole brain (A), sensorimotor cortex (B) normalized by 
percent MVC, and cerebellum (C). Precision and dynamic grip generated stronger activation in the whole 
brain than power and static, respectively (A, ANOVA, Bonferroni, p<0.0001) When normalized by percent 
MVC, precision grip and dynamic grip generated stronger activation than power and static grip, 
respectively (B, ANOVA, Bonferroni, p<0.0001). Dynamic grip generated stronger activation than the 
static grip in the ipsilateral cerebellum but not in grip type (C, ANOVA, Bonferroni post-test, p>0.05). 






2.5.1 Main findings 
 
This chapter comprises an ALE meta-analysis of the BOLD signal associated with 
handgrip type and pattern. Our analysis revealed 3 main findings: (1) There are similar 
and distinct activation clusters for grip type (Figure 10 and Figure 11, respectively) and 
grip pattern (Figure 14 and Figure 15, respectively) (2) Effect size analysis indicates that 
brain activation was stronger for precision and dynamic grip than power and static, 
respectively (Figure 16) (3) There was a large degree of overlap between grip type 
(Figure 10) and pattern (Figure 14) and this suggests that mechanisms, such as oscillatory 
patterns of brain activation, may be partly responsible for neural coding of different grip 
functions261. To our knowledge, this is the first meta-study to compare grip type and 
pattern.  
 
2.5.2 The similarity between power and precision grip 
 
Activity in power and precision overlapped in the L. postcentral gyrus (area 3b), L. 
precentral gyrus (area 4a, 44), the L. SMA (area 6), L. middle cingulate cortex (area 6), 
and R. cerebellum (lobule V, VI) (Table 5, Figure 10). It is clear from our results and 
others31 that both power and precision grip rely on these brain regions, which are 
classically known to be involved in voluntary movement (Chapter 42, Kandel et al. 
(2000)21 and have previously been implicated in numerous handgrip 
studies36,40,64,223,225,226. Indeed, the middle cingulate cortex, SMA, and area 4a all project 
via the corticospinal tract to motor neurons controlling the muscles of the hand29,30. 
Voluntary movement at any force in the presence or absence of externally generated cues 
is executed by a complex coordination between cortical and subcortical structures21,262. 
The force applied during grip is modulated by feed forward26,263,264 and feedback21,229,265 
mechanisms delivered to and arriving from the periphery, respectively, and are modified 
by the cerebellum and area 6266. Thus, it is not surprising that these regions are active in 




between the two types of grip is equivocal and our ALE sought to examine the 
differences. 
 
2.5.2.1 The differences between power and precision grip 
 
The power - precision contrast generated clusters in the L. postcentral gyrus (area 1, 3b) 
(yellow clusters in Figure 11). Power grip inherently generates more force, volume of 
muscle activation, and sensory feedback than precision grip19 and has been shown to 
increase activation in the contralateral SMC267. Further, force related changes typically 
occur in the SMC, cerebellum and parietal cortex31. Thus, it is possible that unique 
regions were generated in our ALE by the presence of a broader activation response in 
the SMC, which is perhaps due to a larger neural response33 caused by the larger force, 
feedback and muscle recruitment associated with power grip19. Previous work 32-34 in 
power grip has shown that the force-activation relationship in the SMC is linear.  
 
To address the potential effect of force we calculated the effect size at all reported voxels 
in the SMC and normalize these values by mean % MVC. While controlling for % MVC, 
precision grip generates significantly higher effect sizes than power grip (Figure 16). 
From this, our interpretations are somewhat limited given that the current version ALE 
can’t perform an ANCOVA for variables such as % MVC. Nonetheless, our 
interpretation is that power grip generates broader activations in the SMC but that 
precision grip generates stronger activations than power grip in the SMC.  
 
We also saw ALE clusters in the parietal lobe (R. supramarginal gyrus), which as stated 
above typically increases with an increase in force. The involvement of this brain region 
will be discussed subsequently in section 2.5.4. 
 
The precision - power contrast generated clusters in the R. and L. SMA (area 6) and the 
L. precentral gyrus (area 4a) (brown clusters, Figure 8) The SMA is particularly known to 
be involved in the planning and execution of movement21,262. This may be the result of 




voluntary movements the lighter the force applied the greater the activity in the premotor 
cortices36-39. Area 6 and area 4a were uniquely activated in the precision grip subtraction, 
which highlights a specific difference between grip types. This finding is supported by 
research demonstrating specific cortical neurons in M1 are activated during precision but 
not power grip285, perhaps due to their direct monosynaptic connections into intrinsic 
muscles in the hand, which are often more associated with precision grip19. Further, SMA 
(area 6) activation spanned left and right hemispheres, indicating that precision grip 
requires bilateral involvement of the premotor cortices. It is thought that the involvement 
of ipsilateral activity is due to an increase in neural demand associated with more precise 
tasks36 or in the SMC, a lack of inter-hemispheric inhibition267. It is possible that one of 
these mechanisms is functioning during precision grip to generate activation in the R. and 
L. SMA (area 6) and L. precentral gyrus (area 4a, Figure 11) 
  
2.5.3 The similarities between static and dynamic grips 
 
We found that dynamic and static grip shared activity in the L. postcentral gyrus (area 2, 
3b), L. precentral gyrus (area 4a), the R. cerebellum (lobule V, VI) and L. SMA (area 6, 
Figure 14). The data presented here confirms that area 2 is important for both patterns of 
unilateral force application268. Locating extrema in area 2 in both patterns of force 
application is particularly interesting given its potential involvement in human 
evolution268. Area 2 is an important region for dominant hand268 tactile processing and 
kinaesthesia288,289 and thought to be a critical area in the development of hand use made 
possible by an opposable thumb268. Indeed, old world monkeys and the cebus monkey, 
the only new world monkey with an opposable thumb290, uniquely possess a well 
developed area 2 and are exclusive in their use of feeding tools in the wild268. In 
conjunction with other research examining the role of area 2, our results provide support 








2.5.3.1 The differences between static and dynamic grip 
 
The static - dynamic subtraction did not reveal any clusters. However, the subtraction 
between dynamic - static revealed activations in the L. precentral gyrus (area 4p), L. 
SMA (area 6), L. middle cingulate cortex (area 6), and precentral gyrus (area 6) (Figure 
15). Previous work indicates that dynamic movements produce greater SMC and 
cerebellum activation during power handgrip40 and finger flexion32, perhaps suggesting a 
general mechanism for dynamic movements in the hand.  Indeed, other motor cortex 
regions, such as the SMA, activate to a larger extent during dynamic gripping versus 
static gripping269. While we found the cerebellum to be active in both dynamic and static 
ALE images alone, the comparison dynamic - static did not reveal activation in the 
cerebellum. Our analysis of effect sizes between dynamic and static grip in the 
cerebellum (Figure 16C) revealed that dynamic grip generated stronger activation in the 
cerebellum. As seen Table 8, rows 7-9, area 6 was the most prominent cytoarchitectonic 
area isolated from this contrast. This is perhaps due to the planning or movement 
initiation/cessation40 that is involved in repetitive dynamic movements.  
 
2.5.4 Voluntary handgrip, motor cortices and the fronto-parietal-cerebellar network 
 
In addition to investigating the similarity and differences between grip type and grip 
pattern, one might also be interested in studying handgrip mechanisms in general; 
typically one does not perform handgrip exclusively in a grip type or grip pattern and 
often performs a mixture of the two. Thus, we performed a supplementary ALE analysis 
of all studies to illustrate a generic description of brain activity during handgrip, 
regardless of grip type and pattern (Figure 17).   
 
This ALE meta-analysis highlights a number of structures important for voluntary grip, 
such as the thalamus, rolandic operculum (area 44), and putamen that have not yet been 
discussed. The putamen, a component of the basal ganglia, has recently been implicated 
in precision grip229, while the thalamus32,36,37,62,238 have been heavily implicated in 




activation in these regions and the thalamus has been shown to be activated just prior to 
handgrip fatigue2 and perhaps during nociception97. It is possible that the thalamus is 
active due to autonomic function270, visceral awareness271, proprioceptive feedback26, 
perception of effort and/or fatigue to some degree2,116 . A combination of these is also 
possible since these variables are difficult to separate26. In several of our ALE conditions, 
we found clusters in the rolandic operculum, confirming previous findings of its 
involvement in voluntary movement 272,273.  
 
The remaining regions generated by the generic ALE are part of the fronto-parietal 
cerebellar network (FPCN) and have previously been shown to be invovled242 during 
voluntary hand movement. The involvement of the parietal cortex during hand 
movements such as grasping has been well established in both primate274-277 and human 
studies278-283, suggesting conservation between species. This work led to the development 
of the FPCN that involves the premotor cortical areas, SMA (area 6), postcentral gyrus 
(areas 3a, 3b, 2) and cerebellum, which interact with the parietal lobe during feedback, 
feed forward and cognitive processes associated with movement236. Visual or auditory 
feedback is often part of handgrip experimental design and the FPCN is thought to adjust 
motor output carried out by the motor cortices according to the integration of visual284,285, 
efference copy or sensory feedback, presumably from the cerebellum and premotor 
cortex26. However, the role of the FPCN is not clear. Vaillancourt et al. (2005)285 
demonstrated that the premotor cortices and parietal cortex were activated independent of 
feedback frequency during grip. Christensen et al. (2007)26 removed sensory feedback 
using an ischemic nerve block and showed an increased correlation between activated 
FPCN regions. Author ascribed efference copy to the premotor cortices and suggested 
that without sensory feedback the FPCN may be computing expected and actual sensory 
input. This is supported by a Ghez and Thach’s (Chapter 42, Kandel et al. (2000)21) 
proposed role of the cerebellum in motor control as a comparator for actual versus 
intended movement. Further, Haller et al. (2009)284 demonstrated that the anterior parietal 
cortex and SMA are important for force and timing during precision grip task in the 
presence of visual feedback; while others31,36 have found this without visual feedback. 




attention processes that are ongoing during handgrip. The posterior parietal cortex, which 
is sub-divided into the superior parietal lobule and inferior parietal lobule, has been 
implicated in cognitive processes230,280,286, for example object assessment and execution 
of hand movement281-283 and object manipulation278,287. Further, previous literature286 
suggests that brain activation is specific to functional tools rather than neutral objects; 
thus the activation we demonstrated during power and static forces could indicate that 
activity in the inferior parietal lobule is potentially specific to the grip tool itself.  
 
 
2.5.5 Other Mechanisms regulating grip  
 
We found that there was a large degree of cluster overlap between handgrip type and 
pattern. Indeed, we were able to see elements of the FCPN in all conditions. This brings 
about the question that if the areas between grip and type are similar then how is the brain 
coding for different grip actions? A theory of oscillating brain activity has emerged to 
explain how the motor system functions to modulate sensorimotor mechanisms during 
and prior to movement by oscillating between neural activation frequencies261. It has 
been well established that the frequency of activation is associated with specific brain 
states, such as a relaxed or aroused state288. The oscillation between these 
electrophysiological frequencies is thought to play a functional role in the brain 261 and 
may be modulated according to local network and cellular diferences289. Activation 
frequencies have been shown to be differentially modulated in movement related regions, 
such as the motor290, parietal and cerebellum (i.e. the FPCN), during steady holding, 
preparation and execution of movement314,315. For example beta-band (13-30Hz) activity 
is prominent during steady holding but decreases during preparation and execution290. It 
is thought that beta-band dominant activity represents a more efficient way of processing 
sensorimotor feedback and becomes interrupted when a new movement is planned and 
executed during which time gamma-band (>30Hz) frequencies become dominant (see 
Figure 3, in Engel and Fries, (2010)261). The BOLD signal has been shown to be 
positively correlated to EEG gamma frequency in the cerebellum 316. This is particularly 




Figure 16) during dynamic grips in the cerebellum, which necessitate repetitive 
transitions between gripping and rest. Thus, if dynamic grips necessitate the switching 
between beta- and gamma-band frequencies then it is possible that this results in a greater 
BOLD signal than steady grip alone, which is more commonly associated with only the 
beta-band. Other forms of functional integration could be coding for grip type and pattern 
such as temporal, rate, synchrony, and/or transient coding as discussed by Friston 
(1997)291. 
 
2.5.6 Limitations and future directions  
 
Presumably regions within the FCPN network are not acting independently to generate 
grip. The study of brain connectivity examines how two or more regions relate or 
influence one another (see section 1.10.4). ALE activations do not draw inferences about 
how activated regions function together, nor do BOLD activations alone206. Methods 
such as functional connectivity (FC) or effective connectivity (EC) have been developed 
and can be used in concert with meta-analysis methods233 to indicate the brain regions 
activated in unison. One can then, with structural pathways, infer a network of regions 
involved in a task. Indeed, we apply this approach in chapters 3 and 4 to investigate the 
brain’s response to handgrip muscle fatigue. 
 
We discussed our ALE results using BOLD, frequency, and connectivity literature in 
order to draw inferences about the regions revealed by our meta-analysis that might be 
working to produce voluntary handgrip. Notwithstanding, there are inherent statistical 
limitations of ALE209,233. For example, ALE does not compute positive and negative 
BOLD together, but separately, thus generating a bias towards neural activation as 
opposed to deactivation. Methods such as signed differential mapping233,292 have been 
developed to resolve this issue. However, the inclusion of negative BOLD presumes that 
this signal represents a decrease in brain activity but that may not be the case293. Thus, we 
maintained use of ALE to summarize brain activation according to positive BOLD in the 
variables specified (see section 2.3.7). Lastly, because ALE does not take into account 




regions between grip type and pattern. Given that the power grip studies employed a 
larger MVC we normalized the effect sizes in the SMC by mean MVC. This was 
performed given that previous work32-34 demonstrated activation in the sensorimotor 
cortex was linear to force output. However, three of our studies included voxel 
activations that were in part generated by forces greater than 70%, at which point 
activation becomes non-linear64. Thus, normalizing by % MVC linearly in a non-linear 
trend may affect our results. Notwithstanding, we performed an additional power grip 
ALE without forces greater than 70% and no differences were observed.  
 
The purpose of this chapter was to elucidate brain activity associated with handgrip and 
the potential differences between grip type and grip pattern. However, our design and 
analysis was partially limited by broader experimental factors. At a single study level 
experimental designs of even a simple task are often not decomposed sufficiently to 
perform statistical interactions between all variables that are not always known. Further, 
task analysis presumes the knowledge of all variables involved in a task, which is being 
investigated in the first place. Our study includes a variety of experimental designs and 
modeling, which may introduce variation unrelated to our investigation in a number of 
ways. It is known that the degree of parietal cortex activation in imaging experiments is 
variable and heavily dependent on experimental task parameters, such the distance281 
participants are required to reach during gripping and whether participants are 
specifically asked to assess280 or report286 what it is they are grasping. For example, 
power grip studies typically employ greater force than in precision grip studies. In 
addition, most of our studies employed block design, which captures neurophysiological 
processes over a short window, which may include a set of heterogeneous psychological 
events during handgrip task. A homogenous data set is difficult to obtain given the wide 
variety of variables (e.g. age and MVC) and psychological processes that occur. More 
broadly, there is anatomical294,295 and cytoarchitectural variation254,294 between 
participants and the assigned location of activation may vary. Notwithstanding, the ALE 
method of selecting commonly activated voxels should ameliorate this and we used a 







Using ALE contrast analysis we highlighted key similarities and differences between grip 
type and grip pattern. We found that power grip generates unique activation in the SMC 
(area 1 and 3b), while precision grip generates stronger activation here. Further, precision 
grip generates more activation in the premotor cortices (area 6) and precentral gyrus (area 
4a), which is potentially due to the fine motor forces and control associated with this grip 
type. Dynamic handgrip relies more on areas 4a and 6 than static grip and generates 
stronger activation in the cerebellum, which is perhaps necessitated by the coordination 
of repetitive opening and closing of hand digits or due to an increased BOLD requirement 
potentially associated with the oscillation between beta and gamma frequencies. Dynamic 
and static grip share activity in the postcentral gyrus (area 2), an area which has been 
strongly implicated in the evolutionary development of handgrip268.  
 
We found a striking similarity between grip type and pattern. There was a large degree of 
overlap within grip type and grip pattern in the precentral, postcentral, and SMA, which 
suggests that these regions are conserved for handgrip. This suggests that handgrip is 
regulated by other factors such as brain connectivity or oscillatory mechansims.  
 
In our combined ALE (Figure 17) we outlined that brain regions could be: (1) functioning 
within the FPCN to adjust force production according to sensory perception with285 or 
according to efference copy (2) related to the associated cognitive processes inherent 
within a motor task (i.e. assessment, execution and manipulation of a tool) or (3) an 
unknown process, which is potentially the case. FPCN activity could be modulated 
according to grip force38 or age39,64,225 and this could be an opportunity for future ALE 
research; recently, correlational methods have been used296,297 to address these questions, 
although they are not yet widely available.  
 
More practically, our results provide empirically based ROIs that can be used in order to 
more effectively study handgrip. In the following chapters, we are particularly interested 




task. As such, the motor cortex regions revealed in this chapter (e.g. area 4ap and 6) will 





2.6 Supplementary analyses  
 
We performed an ALE analysis including all studies without differentiating between grip 
type of pattern. We found activation in the L. postcentral gyrus (area 3b), R. SMA (area 
6), R. cerebellum (lobule VI), R. supramarginal gyrus (intraparietal cortex, IPC), R. 
postcentral gyrus (IPC), R. inferior parietal lobe (hIP3), R. inferior frontal gyrus (area 44, 
p. opercularis), R. rolandic operculum (area 44), L. thalamus (prefrontal), L. putamen, L. 
precentral gyrus (area 6), L. rolandic operculum, L. cerebellum (lobule VI), and L. 
cerebellum (lobule V, VI, VII). 
 
 
Figure 17. ALE showing the BOLD response to grip type and pattern in the (1) L. postcentral gyrus (area 
3b), (2) R. SMA (area 6), (3) R. and L. cerebellum (lobule V, VI, VII), (4) R. supramarginal gyrus (IPC), 
R. postcentral gyrus (IPC), and R. inferior parietal lobe (hIP3), (5) R. inferior frontal gyrus (area 44, p. 
opercularis), (6) R. rolandic operculum (area 44), (7) L. thalamus (Th-prefrontal), (8) L. putamen, (9) L. 
precentral gyrus (area 6), and L. rolandic operculum. Cluster forming threshold and cluster-level inference 
used were uncorrected p<0.001 and p<0.05, respectively. Posterior A and B showing the same image from 
two views, A the standard view and B with left axial slice to demonstrate activation in subcortical 
structures. Anterior and posterior A images are rotated 5 degrees clockwise and posterior B image are 













3 Chapter Three 






Central fatigue theory proposes that motor drive is limited to maintain homeostasis. 
Stimulants, such as MPH, can improve exercise performance and it is thought that MPH 
alters central processes during muscle fatigue. However, the ergogenic mechanism of 
MPH is unknown. This study examines the effect of MPH on force output and the brain’s 
response to a muscle fatiguing handgrip task. In a double blind, crossover design 
participants ingested MPH or a placebo before performing a muscle fatiguing handgrip 
task during fMRI scanning. We analyzed mean force output, whole brain activation, and 
effective connectivity during the task and in pre-task failure windows. Pre-task failure 
was defined as the moments just prior to releasing the grip dynamometer. Force output 
results: our results show that participants increased their grip force during the task but 
that this increase was not significantly present during pre-task failure windows. Whole 
brain activation results: in the placebo condition, we observed task related increase in 
neuronal activation in bilateral cerebellum and motor cortices whereas in MPH 
conditions we observed increase in neuronal activation in motor cortices but not the 
cerebellum. Furthermore, during pre-task failure in the placebo condition we observed 
increased BOLD signal in the right IC and inferior frontal gyrus while in MPH condition, 
pre-task failure was associated with increased BOLD in the left IC, right ACC, sensory 
cortex, supplementary motor area and visual cortex. Connectivity results: MPH 
increased effective connectivity between the IC and hand motor cortex during grip, but 
again, this was not present in the time windows shortly before task failure. Similarly, 
MPH also increased effective connectivity between the IC and supplementary motor area.  
There were no observed differences in effective connectivity within a previously 
proposed facilitation network (e.g. OFC, ACC, basal ganglia, see 1.7.2.1). This chapter 
demonstrates: 1) MPH increases grip force and 2) alters IC effective connectivity during 
grip but not during task failure. 3) Effective connectivity within the facilitation network is 
not altered by MPH. 3) The inferior frontal gyrus may be involved in the decision to 
terminate exercise. This study proposes a previously unknown neural mechanism of MPH 






As discussed in Chapter one, primates possess a network of structures that transmit and 
interpret signals of disturbed homeostasis97 (Figure 3). Muscle fatigue can be defined as a 
reversible state characterized by a reduced ability to generate force or power298 and is 
partly modulated by the CNS11,299,300. Central fatigue theory proposes that motor drive is 
limited to maintain homeostasis2,11,298 according to feed forward26,72,73 or feedback 
processes68,75,298. 
 
Investigations of exercise related to pacing strategy301 show that muscle fatigue is 
regulated throughout exercise132 and that the culmination of fatigue occurs with a 
decision to stop (i.e. task failure)2,302. It is thought that the CNS terminates exercise 
according to homeostatic regulation11 in advance of catastrophic tissue failure. 
Interestingly, the IC, which is located in the temporal area, has been identified as an 
important brain structure for processing disturbed homeostasis79,97 , task failure2 and 
muscle fatigue120. The IC has been shown to integrate afferent feedback from the 
periphery102,303 and is thought to be the site of viscerosensory integration 220 of alarming 
stimuli98. Interestingly, the limitation of motor drive during muscle fatigue has been 
proposed to involve interactions between the IC and M1116. Other examples for IC 
involvement in homeostatic processes are the processing of afferent signals leading to 
pain99 air hunger100, and thirst101.  
 
MPH1,14 and other CNS stimulants12,13,15 improve exercise performance and MPH is used 
to treat fatigue-related illness304 and to enhance interest305 and attention306. The ergogenic 
effect of MPH is suggested to occur via a modification of central processes during 
exercise fatigue 1,12 but the neural mechanisms of MPH during muscle fatigue are 
unknown. MPH and other CNS stimulants12,13, increase motivation and willingness to 
exert more effort18,187 that allows for exercise closer to maximal ability1,16, which is 
potentially achieved by increasing synaptic DA and norepinephrine transmission183,184 in 




facilitation network involving the OFC, ACC, basal ganglia and motor cortex may be 
acting to overcome fatigue and deficits in force output. 
 
Against this background, this study investigates MPH’s influence on the central processes 
of muscle fatigue during a fatiguing handgrip task using fMRI. This study address’ 
whether MPH influences brain activation and effective brain connectivity between the IC 
and motor cortices and/or within a proposed dopaminergic motor facilitation 
network174,175.  Using the results of our ALE in Chapter two, we investigate effective 
connectivity in the motor cortices, using the hand motor area of M1 and SMA. In a 
double blind, crossover design participants ingested MPH or placebo prior to performing 
a 40-trial fatiguing handgrip task2. The hypotheses of this study are 1) MPH will improve 
mean trial force1 and 2) will alter brain activation and connectivity during handgrip 
and/or in the moments prior to task failure.  
 
3.3 Methods 
3.3.1 Ethical approval 
 
Participants provided written informed consent before participation. This study was 
approved by the human research ethics committee of the University of Cape Town, South 
Africa (REF:214/2013) and was carried out in accordance with the Declaration of 




Participants were assessed for handedness using the Edinburgh handedness inventory307 
and completed a neuropsychological evaluation performed by a trained psychologist 
using the Mini International Neuropsychiatric Interview 308. Fifteen right-handed 
participants (9 male, 6 female) without a history of neuropsychological disease, drug use 
(e.g. stimulants, amphetamines, tranquilizers), or recent use (1 month) of prescription 




physical activity levels using the generalized physical activity questionnaire 309 were 
collected during a familiarization session. This was collected in order to indicate 
participant’s level of physical activity. Demographic data is summarized in Table 9. 
Participants participated in the study in three separate handgrip sessions that occurred 
over 3-4 weeks.  
 
Table 9. Subject data illustrating mean and standard deviations of age, height, weight, BMI, and levels of 
physical activity in METs/week measured by the Generalized Physical Activity Questionnaire. 













71.88± 11.58 23.4±2.32 492.4±311.1 
 
3.3.3 Experimental design 
3.3.3.1 Familiarization session 
 
Participants were familiarized with the task in a custom-built mock fMRI scanner (Figure 
18). Prior to the mock-fMRI session, participants were given an overview of the study 
using a power point presentation and completed the identical task while listening to 
scanner sounds through on-ear headphones (Bose Corporation, Framingham, MA, USA). 
 




3.3.3.2 Experimental sessions 
 
Participants began experimental testing one week after familiarization. Experimental 
sessions occurred 1-2 weeks apart and the task was reviewed in detail before each 
session. In a double-blind cross-over design, participants ingested a non-identifiable pill 
that contained either 20 mg of immediate-release MPH or glucose 90 min1,310 before the 
start of the task. Participants were asked not to engage in stressful exercise and heavy 
lifting two days prior to an experimental session. Participants were asked to refrain from 
caffeine on the day of the test and abstain from food or drink three hours prior to 
ingesting the pill, which was consumed with a low fat311 standard snack consisting of an 
80g piece of fruit (an apple or pear), a 30g slice of whole grain bread, and 300-400ml of 
water. Prior to the start of the scan participants were asked to verbally rate how they felt 
on a scale from 1-10, where 1 represented completely calm and 10 represented very 
nervous312. Participants did not differ between placebo and MPH conditions (Figure 19). 
Each participant took part in both, placebo and MPH conditions. 
 
 
Figure 19. Self reported level of scanner related nervousness. Prior to the start of the scan participants were 
asked to verbally rate how they felt on a scale from 1-10, where 1 represented completely calm and 10 
represented very nervous312. Participants did not differ between placebo and MPH conditions. 





3.3.3.3 Handgrip task 
 
The fatigue generated during submaximal exercises is composed of a higher proportion of 
supraspinal fatigue than the fatigue generated from maximal exercises, which are more 
peripherally based313. In addition, dynamically applied force40 is typically associated with 
more intense activations in the sensorimotor cortex (Figure 17, Chapter two) than during 
static grip, which suggests that a grip paradigm using repeated, rather than a static hold, 
may be the most appropriate paradigm to study muscle fatigue. Together, this would 
imply that a submaximal repetitive handgrip exercise is an optimal paradigm to study 
central fatigue. Further, the task used in this study has previously been shown to generate 
activation related to disturbed homeostasis during muscle fatigue2. 
 
Participants were asked to perform their MVC prior to the start of the task. Participants 
were asked to perform 40 submaximal grip trials (Figure 20) by flexing all digits around 
a custom-made MRI-compatible isometric handgrip dynamometer (Sensory-Motor 
Systems Laboratory, ETH Zurich and University of Zurich, Switzerland) in the power 
grip position314. The start of the first trial was set to trigger image acquisition and each 
trial was composed of alternating grip and rest durations lasting 12-13 and 5-7 seconds, 
respectively. During rest, a white cross was presented in the middle screen. Grip and rest 
durations were jittered to minimize anticipatory responses at the end and start of each 
trial and the entire task lasted 13 minutes and 20 seconds. 
 
 





During the grip task, applied force resulted in the vertical movement of a red bar that 
rested on the bottom of a screen, which was visible to participants throughout the 
experiment. Participants were asked to raise the bar to the top of the screen into a green 
shaded area during each trial for as many trials as possible. The desired force was 
indicated at the top of the screen by a green shaded area and when the target force was 
reached the red bar changed to light green. 
 
Participants began the task at a target force of 70% of their MVC. A grip trial was 
defined as failed if a participant’s force dropped below the target force by more than 10% 
after having reached the target force. A trial was defined as successful if the participant 
maintained the target force until the end of the trial. After two consecutive failed trials, 
there was an 80% chance of the target force being reduced by 20% and the opposite was 
true after two consecutive successful trials. This was coordinated using a custom written 
Presentation 16.5 (Neurobehavioral Systems, Inc. CA, USA) program. The purpose of 
this design was to maximally fatigue participants and ensure that participants would 
generate a comparable number of both successful and failed trials.  
 
3.3.4 Force recording 
 
The timing and amplitude of the applied force were recorded at a sampling frequency of 
60 Hz into a text file and later analyzed using a custom designed Matlab 2014b (The 
MathWorks Inc. Natick, MA, USA) program previously used by our group2. In order to 
address the effect of MPH on grip force (hypothesis one), we compared mean trial force 
between experimental conditions. Since we are attempting to assess neural mechanisms 
related to MPH’s improved motor drive, mean force is the most appropriate measure of 
force output. Although muscle fatigue has been shown to increase the amplitude of 
fluctuations of forces during isometric contractions315 we did not investigate this 
behavioral attribute since previous experiments2 using the identical grip paradigm did not 
display fatigue-related force variations. In order to address the effect of MPH on BOLD 
and effective connectivity (hypothesis two), we used the timing of the applied force to 




3.3.5 fMRI data acquisition  
 
We used a Siemens 3T Magnetom Allegra Syngo MR 2004A cerebral scanner to acquire 
311 images per experimental session using an interleaved ascending acquisition with a 
repetition time of 2.58 s. The field of view was 300 mm, 34 slices were taken per 
repetition time and voxel size was 2.3×2.3×3.5 mm. A 90-degree flip angle and echo time 
of 35 ms was used. Head padding was used to minimize head movement. At the end of 
each experimental session we collected whole-brain T1-weighted multi-echo fast spoiled 
radient (FSPGR) anatomical images (TR=2 s, TE=1.53, 3.21, 4.89, 6.57 ms, voxel = 
1×1×1.5 mm, field of view: 256x256 mm, 128 slices), for the purpose of anatomical 
localization. 
 
3.3.6 Image preprocessing, contrasts and analyses 
 
Image data were processed and analyzed using SPM12(http://www.fil.ion.ucl.ac.uk/spm/) 
within Matlab. Two dummy images were collected ahead of the task to allow the MRI 
signal to calibrate and were subsequently discarded from the time series before any 
further processing. Images were realigned to the first image in the time series, normalized 
to the ICBM152 MNI template, and spatially smoothed using a 8mm full-width-at-half-
maximum Gaussian filter. Next, functional images were aligned to structural images 
using movement parameters. 
 
In order to address hypothesis two, we investigated whole brain activation and effective 
connectivity using PPI analyses during grip and pre-task failure windows in placebo and 
MPH conditions. Motion parameters were obtained during realignment and included as 
covariates of no interest at the first level. In second level analyses, we used age and sex 








3.3.6.1 Grip contrast 
 
To obtain first level grip images, we constructed a design matrix containing: all times 
during grip trials when participants were applying grip force (i.e., force, pre-task failure, 
and yoked windows into one regressor; see section 3.3.6.2 and Figure 21 for exact 
definitions) and all times during grip trials when participants were not applying grip force 
(i.e. no force windows, Figure 21). Rest periods were not modeled. Then, we contrasted 
grip windows versus those windows when participants were not applying grip. The 
contrast performed was grip force > no grip force. This contrast was designed to isolate 
the neurophysiological event associated with grip during the fatiguing task.  
Figure 21. Conceptual diagram illustrating trial characterization of failed (A) and successful (B) trials. 
Contrasting force windows with no force windows of activity generated grip contrasts (see section 3.3.6.1). 
Contrasting pre-task failure windows with yoked windows of activity generated pre-task failure contrasts 





3.3.6.2 Pre-task failure contrast 
 
In a second design matrix, we modeled all windows in Figure 21 at the first level, except 
rest. Figure 21A illustrates that failed trials were divided into three sections: 1) force 2) 
pre-task failure window and 3) no force. Figure 21 B illustrates that successful trials were 
divided into three sections: 1) force 2) yoked window and 3) second force. Pre-task 
failure windows were defined individually according to the minimal interval between 
reaching the target force and releasing the grip dynamometer, regarded over all failed 
trials. Yoked windows were defined with identical timing as pre-task failure trials and 
assigned to a randomly selected successful trial. The length of these windows slightly 
differed between participants (3.11±1.5 s (SD)) given that some failed earlier in a trial 
than others and thus providing a slightly longer window from which to sample. But for a 
single participant at the first level analyses, the pre-task failure and yoked windows were 
the same length. To obtain the neurophysiological event related to task failure we 
contrasted pre-task failure windows in failed trials with randomly yoked equivalent 
windows in successful trials. The contrast was pre-task failure windows > yoked 
windows (Figure 21 A and B). 
 
Despite our instructions to participants - to always to reach the target force - one of the 
participants uniquely circumvented the paradigm by resting during entire grip trials. 
There were 13 and 18 instances that the participant did this during placebo and MPH 
conditions, respectively. Given that this participant did not perform as intended we 
therefore excluded the participant from our task failure data. Thus, the pre-task failure 
contrast included data from 14 participants.  
 
3.3.6.3 Psychophysiological interaction and functional connectivity analyses 
 
In order to investigate potential changes in effective connectivity in placebo and MPH 
conditions we performed PPI analysis using Conn 15.a316 (downloaded here: 
http://www.nitrc.org/projects/conn/). We examined PPI in three separate analyses (see 




IC and motor cortex (M1, SMA) and the third analyses addresses the potential facilitatory 
mechanisms of MPH during muscle fatigue. Selecting ROIs established from other 
studies was done in order to circumvent circularity errors described by Vul et al. (2009) 
217 and others218 (see section 3.3.7 for ROI definitions). 
 
Both M1 and SMA have extensive corticospinal projections to segments of the spinal 
cord containing motor neurons controlling the hand29. Other motor cortex regions, such 
as dorsal premotor cortices were not selected since they primarily innervate proximal 
muscles of the arm (Chapter 38, Kandel et al. (2000) 21). Further, the SMA may be 
important for M1 influences via mechanisms of motor preparation, or readiness 
potential317,318. Thus, we chose these regions for investigating suboptimal descending 
drive to the hand in this study. The IC may inhibit the motor cortex during muscle 
fatigue116 and was selected from Hilty et al. (2010)2, where it was shown to be involved 
in the decision to terminate grip force in the identical fatiguing task we have used here. 
Consequently, we sought to elucidate a potential mechanism of central fatigue by 
showing IC and motor cortex psychophysiological interactions. 
 
The regions within the facilitation network proposed by Tanaka and Watanabe174 are 
thought to perform a facilitating role to compensate for reduced motor drive during 
fatigue. Increased dopaminergic drive is thought175 to overcome fatigue and deficits in 
motor performance174 by acting on this network. MPH increases motivation and 
willingness to exert more effort18,187, which is potentially achieved by increasing synaptic 
DA and norepinephrine transmission183,184 in the mesocorticolimbic pathway. Given that 
the regions of the facilitation network are part of the mesocorticolimbic pathway we 
sought to assess the potential influence of MPH on PPI within this network in all pairwise 
relationships. Our PPI analyses were as follows: 
 
1) In order to investigate the potential influence of MPH on IC to M1 PPI connectivity, 
we examined signals from two empirically derived ROI masks. Our M1 hand motor area 
was derived from the power grip-related cluster in our ALE analysis in Chapter two314 




used in this study. 2) In order to investigate the potential influence of MPH on IC to SMA 
PPI connectivity, we examined signals from two empirically derived ROI masks. Our 
SMA region was derived from the power grip-related cluster in our ALE analysis in 
Chapter two314 and the IC region2 used was identical to the ROI used in hand motor area 
to IC PPI connectivity analyses. 3) In order to investigate the involvement of the 
facilitation network, we implemented repeated measures FDR corrected t tests for all 
possible pairwise differences in a connectivity matrix of regions of this network. Without 
a strong a priori hypotheses to investigate two specific ROIs in a single pairwise test we 
employed FDR corrected testing which is a appropriate statistical correction for 
exploratory analysis, as discussed in Chapter one (see section 1.10.3). Since PPI well 
illustrates relative connectivity changes between ROIs but not the absolute connectivity 
measures (see section 1.10.4) we performed follow-up functional connectivity analysis 
for any significant PPI interactions. 
 
Both PPI and FC analyses are susceptible to spurious correlations214,316 caused by 
temporal confounds such as head motion and physiological signals. Consequently, we 
used several denoising methods implemented within Conn to address this. Using a 
principle component analysis based strategy (aCompCor) 316, Conn reduces physiological 
noise and other temporal confounds. Time series from cerebrospinofluid, motion 
parameters and their first order derivatives were regressed from the signal time series. 
Conn employs ArtRepair319 software before smoothing (downloaded here: 
http://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.html) that identifies 
outlier images according to a volume-to-volume motion threshold and a volume-to-
volume global signal z-value threshold. Time points that exceed these thresholds are 
encoded within a first level covariate of no interest that isolates images without deleting 
or interpolating data time points to ensure continuity. High motion volumes were 
identified in the regressor as those exceeding a global signal threshold z-value of 3 and 
motion threshold of 2mm. In order to remove frequencies not associated with the signal 
of interest (e.g. potential signal noise) we employed a band pass filter (0.008 to 0.09 Hz) 
and the subsequent despiking before PPI analysis. A more detailed description of Conn’s 




3.3.7 ROI definitions 
 
In order to best define the M1 and SMA areas involved in the power grip we used 
MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron/) to manually identify 
overlapping voxels between area 4ap and 6 provided by the SPM Anatomy Toolbox259  
with the respective ALE meta-analytic clusters314 found in Chapter two (Figure 8, 
clusters 1 and 3, respectively). Thus, the resulting hand motor area and SMA ROIs were 
composed of only those regions involved in power grip. SPM anatomy toolbox regions 
are defined in Geyer et al. (1996)259. The IC region was selected from IC activations in 




Figure 22. Illustration of ROI used in PPI analyses. The hand motor area ROI is illustrated in blue, insula 
ROI indicated in red and SMA in purple. The hand motor region and SMA were obtained from overlapping 
regions of area 4ap and area 6 with respective meta-analytic clusters of handgrip in the power grip position 
in Chapter two 314 (see section 3.3.7 for details). The IC region was an ROI defined from IC activations in a 
previous study2, which implemented the identical paradigm used in this thesis. Displayed MNI coordinate 
slices of the hand motor area, insula, and SMA were: x = -33, y = -29, z = 56 and x = -39, y = 11, z = 11, x 
=-4, y = 1 , z = 50, respectively. Abbreviations: ROI – region of interest, PPI - psychophysiological 





To investigate regions of the facilitation network we examined the ACC, right and left 
OFC, left and right regions of the basal ganglia regions such as the caudate, palladium 
and putamen, left and right SMA and hand motor area. Except for the hand motor area 
and SMA which were defined above, these regions were obtained from the Harvard-
Oxford brain atlas (http://www.cma.mgh.harvard.edu/fsl_atlas.html), and are defined in 
Caviness et al. (1996)320. We implemented the Harvard toolbox since these regions are 
not yet available by the SPM anatomy toolbox.  
  
3.3.8 Statistical analysis 
 
To answer hypothesis one, we performed a repeated measures t test (GraphPad Prism 5.0 
software, La Jolla, CA, USA) between mean trial force values in placebo and MPH 
conditions.  
 
To answer hypothesis two, BOLD images of the grip (force vs. no force) and pre-task 
failure (pre-task failure vs. yoked) contrasts were compared between placebo and MPH 
conditions using a repeated measures t test using SPM12 within Matlab. We also 
performed one-sample t tests of grip and pre-task failure contrasts in placebo and MPH 
conditions using SPM12. Images were thresholded at family wise error corrected (FWE) 
cluster level significance of p<0.05. PPI correlation coefficients between the IC and both 
the hand motor area and SMA during grip and in pre-task failure windows were 
compared between placebo and MPH using repeated measures t test implemented in 
SPM12 using Conn15a with a significance level of p<0.05. In order to test for any 
differences in PPI correlation values within the facilitation network we created a matrix 
of PPI correlation values and performed repeated measures t tests implemented in SPM12 
using Conn15a corrected for multiple comparisons using a FDR corrected significance 





3.3.8.1 Other statistical analysis 
 
We also performed several analyses that did not directly examine our hypotheses. The 
factors involved and reasoning for performing each are described below. We performed 2 
x 2 repeated measure ANOVAs in order to examine the potential effects of MPH on: 1) 
The forces during pre-task failure and yoked windows. This was done to exclude that any 
difference in fMRI activity during these windows were related to force coding. The levels 
of the drug factor were placebo and MPH and the levels of the window type factor were 
pre-task failure and yoked. 2) The occurrence of pre-failure and yoked successful 
windows. This was done to ensure that the robustness of data collected from the two time 
windows was sufficient to allow valid comparisons between each other as well as 
between drug conditions. We did not expect the number of pre-failure and success 
windows to be different between placebo and MPH conditions given that the target force 
is dynamically changed. The levels of the drug factor were placebo and MPH and the 
levels of the window type factor were pre-failure and yoked successful 3) The proportion 
of failed to successful trials throughout the experiment. This was done to exclude any 
temporal effect on the sampled windows that could ocur over the duration of the task. 
The levels of the drug factor were placebo and MPH and the levels of trial stage factor 
were the 1st and 2nd half of the experiment.  
 
To illustrate the occurrence of fatigue we calculated the maximum trial forces for each 
participant per trial and then calculated the slope of these forces over the 40 trials using a 
linear regression model. We then performed a one-tailed one-sample t test on the slope 
coefficient. In order to compare slopes between placebo and MPH conditions, we 
compared the respective coefficients by means of a two-tailed repeated measures t test. 
Our reason for using slope-calculated fatigue instead of post-task mean MVCs was that, 
as part of the study in Chapter four, we sought to determine the effect of the fatiguing 
task on six minutes of resting state brain activity. Consequently, we wanted to resume 
scanning as soon as the task was completed, which presumably was best performed 




that our instructions were always to reach the target force and that failed trials continued 
to occur in the second half of the handgrip sessions (see section 3.4.3). 
 
3.3.9 Atlas used and nomenclature 
 
We interpreted our results using the SPM Anatomy Toolbox 1.7, which is a probabilistic 
atlas used to locate brain regions for neuroimaging research as defined by 
cytoarchitectural structure253. Previous work256 has recommended that a probabilistic 
template be used when interpreting the location of activation and consequently we have 
used it here. The advantage of a probabilistic approach is that it accounts for the inherent 
variation that exists in human neuroanatomy and provides a probability of a co-ordinate 
being located in a particular area. In Table 2 and 3, we indicate the probability of 
significantly activated voxels belonging to an area ascribed by the Anatomy toolbox. 
However, the disadvantage of the SPM Anatomy toolbox is mixed nomenclature. A 
complete probabilistic atlas for the whole brain is not yet available and consequently the 
toolbox assigns an equivalent macroanatomical label using the automated anatomical 
labeling (aal) atlas (e.g. anterior cingulate) 321 when coordinates fall outside probabilistic 
maps. As such, we have provided these labels in the results for clarification.  
 
3.4 Results 
3.4.1 Force results – hypothesis one 
 
We hypothesized that MPH would improve force output during the task. To examine this 
we performed a one-tailed paired t test of mean trial forces between placebo and MPH 
conditions. Participants produced significantly greater force in the MPH than placebo 
condition (Figure 23, t(14)=2.38, p=0.016, Cohen’s d=0.162, 120.8±38.17 vs. 




Figure 23. Mean trial grip force is greater in MPH conditions. One tailed paired t test demonstrates that 
participants produced significantly greater force in the MPH than placebo condition. MPH – 
methylphenidate. T(14)=2.38, p=0.016, Cohen’s d=0.162, 120.8±38.17 vs. 127.3±41.93 (SD) N. *p<0.05. 
Abbreviations: MPH – methylphenidate, N - Newtons 
 
3.4.2 Imaging results  - hypothesis two 
 
We hypothesized that MPH would alter the BOLD response and effective connectivity 
during grip force and in the moments prior to task failure. In order to investigate this we 
performed both whole brain BOLD and ROI-to-ROI PPI analyses. The results of these 
analyses are described below. 
 
3.4.2.1 Grip contrast 
 
A group level one sample t test of the grip contrast under placebo condition revealed peak 
activation in R. lobule VI (Vermis), L. supplementary motor area (SMA), and L. BA 6 
(Figure 24, Table 10) while a one sample t test of the same contrast during the MPH 
condition revealed activation in L. BA 6 and 4a (Figure 25, Table 10). A repeated 










Figure 24. Grip contrast activations in placebo conditions. One sample t test reveals activation in the R. 
lobule (hem) (a), L. lobule (verm) (b), L. SMA (c), L. BA 6 (d) and L. BA 4p (e). Images were thresholded 
at FWE cluster level significance of p<0.05 (see Table 10). MNI coordinates displayed. Abbreviations: BA 
– Brodmann Area, FWE – Family wise error, SMA – Supplementary motor area. 
 
 
Figure 25. Grip contrast activations in MPH conditions. One sample t test reveals activation in the L. BA 6 
(a), L. BA 4a (b) and L. BA 4p (c). Images were thresholded at FWE cluster level significance of p<0.05 
(see Table 10). MNI coordinates displayed. Abbreviations: BA – Brodmann Area, FWE – Family wise 





Table 10. Activations for placebo and MPH conditions during grip contrast. Only clusters with FWE cluster 
level significance of p<0.05 are listed. Coordinates were assigned an area using the SPM Anatomy Toolbox 
1.7 and probability indicated in brackets (column 5). When a probability was not provided by the toolbox 
the coordinate was assigned to macroanatomical label (e.g. L. SMA) 321. Abbreviations: Hem – hemisphere. 





















L. lobule VI (Vermis, 47%) 
R. lobule VIIa (Hem, 95%) 
R. lobule VIIa (Hem, 83%) 
0, -78, -28 
26, -88, -30 









L. BA 6 (80%) 
L. BA 4p (50%) 
0, 4, 74 
-18, -12, 78 










L. BA 6 (80%) 
L. BA 4a (50%) 
L. BA 4p (30%) 
-22, -20, 74 
-34, -22, 60 






3.4.2.2 Pre-task failure contrast 
 
A group level t test of the pre-task failure contrast in placebo conditions revealed 
activation in the right (R.) anterior IC and inferior frontal gyrus (IFG, , Table 11) but in 
MPH conditions the same contrast revealed peak activation in L. posterior IC, BA 3a, R. 
ACC, R. BA 18, R. BA 6, and R. BA 3b (Figure 27, Table 11). A two-tailed repeated 














Figure 26. Pre-task failure contrast activations in placebo conditions. One sample t test reveals activation in 
the R. IFG (a) and R. IC (b). Images were thresholded at FWE cluster level significance of p<0.05 (see 
Table 11). MNI coordinates displayed.  Abbreviations: FWE – Family wise error, IC – Insula cortex, IFG – 
inferior frontal gyrus  
 
 
Figure 27. Pre-task failure contrast activations in MPH conditions. One sample t test reveals activation in 
the L. insula (a), R. BA 3a (b), R. ACC and R. IFG (c), R. BA 18, and R. hOC  (d), L. BA 9 and L. ACC 
(f), R. BA 3b (g) and R. BA 6 (e). Images were thresholded at FWE cluster level significance of p<0.05 
(see Table 11). Displayed MNI coordinates. Abbreviations: BA – Brodmann Area FWE – Family wise 







Table 11. Activations for placebo and MPH conditions during pre-task failure contrast. Only clusters with 
FWE cluster level significance of p<0.05 are listed. Coordinates were assigned an area using the SPM 
Anatomy Toolbox 1.7 and probability indicated in brackets (column 5). When a probability was not 
provided by the toolbox the coordinate was assigned to macroanatomical label (e.g. R. ACC)321.We 
reported multiple areas when the assigned probability was equal for two or more areas except for areas that 
were not assigned a probability. Abbreviations: MPH – methylphenidate, FWE – Family wise error , ACC 
– anterior cingulate cortex, IC – insula cortex, IFG – Inferior frontal gyrus, SPL – Superior parietal lobule, 






















R. IFG (21%) 
R. IC 
R. IC 
48, 32 -2 
36, 18, 12 











L. IC (30%) 
L. IC (30%) 
L. IC  
-44, -14, 0 
-44, -24, 2 
-38, 6, -10 
 Figure 27a 
Figure 27a 
Figure 27a 
 <0.001 841 
4.54 
4.16 
R. BA 3a (30%) 
R. rolandic operculum 
48, -8, 24 
44, 2, 16 
Figure 27b 
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R. IFG (10%) 
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42, 26, 12 
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R. BA 18 (10%) 
 R. SPL (7A, 10%)  
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26, -58, 16 
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L. ACC 
L. ACC 
-24, 32, 22 
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3.4.2.3 Connectivity results 
 
To determine the effect of MPH on PPI between the left hand motor area and IC we 
performed a two-tailed repeated measures t tests between PPI coefficients in placebo and 
MPH conditions during grip and pre-task failure windows. A two-tailed repeated 
measures t test demonstrated that MPH resulted in significantly different correlation 
coefficients (Figure 28, T(14)=2.26, p=0.040, Cohen’s d=1.01) during grip but not during 
pre-task failure windows (T(13)=0.95, p=0.358).  
 
 
Figure 28. MPH alters psychophysiological connectivity between L. hand motor area and L. insula2. A two-
tailed repeated measures t test revealed that MPH altered effective connectivity during grip (T(14)=2.26, 
*p=0.040). Abbreviations: MPH – methylphenidate 
 
To determine the effect of MPH on PPI between the SMA and IC we performed a two-
tailed repeated measures t test which demonstrated that MPH resulted in significantly 
different correlation coefficients (Figure 29, T(14)=2.15, p=0.049, Cohen’s d=0.813) 






Figure 29. MPH alters psychophysiological connectivity between SMA and L. insula cortex (IC)2 during 
grip. A two-tailed repeated measures t test revealed that MPH altered effective connectivity during grip 
(T(14)=2.15, *p=0.0494). Abbreviations: MPH – methylphenidate. 
 
To determine the effect of MPH on PPI within the facilitation network we implemented 
repeated measures t tests for all possible differences in a connectivity matrix of regions of 
this network with multiple comparisons accounted for using the False Discovery Rate 
(FDR) correction212. In no case did we observe an effect of the pairwise PPI connectivity 
coefficient values during pre-task failure or grip reach FDR-corrected significance set at 
0.05.  
 
To determine the effect of MPH on functional connectivity coefficients between the left 
hand motor area and IC we performed a two-tailed repeated measures t tests between 
correlation coefficients in placebo and MPH conditions during grip. A two-tailed 
repeated measures t test demonstrated that MPH resulted in significantly increased 






Figure 30. MPH increases functional connectivity coefficients between L. hand motor area and L. insula2. 
A two-tailed repeated measures t test revealed that MPH increased functional connectivity during grip 
(T(14)=2.55, *p=0.023). Abbreviations: MPH – methylphenidate 
 
To determine the effect of MPH on functional connectivity coefficients between the SMA 
and IC we performed a two-tailed repeated measures t tests between correlation 
coefficients in placebo and MPH conditions during grip. A two-tailed repeated measures t 
test demonstrated that MPH resulted in significantly increased correlation coefficients 
(Figure 31, T(14)=2.64, *p=0.019, Cohen’s d=0.998).  
 
Figure 31. MPH increases functional connectivity coefficients between SMA and L. insula cortex (IC)2 
during grip. A two-tailed repeated measures t test revealed that MPH increased functional connectivity 





3.4.3 Other results 
 
The forces generated in windows from the pre-task failure contrast were not affected by 
drug (main effect of drug, (Placebo, MPH), F(1,26)=0.813, p=0.376) or window type 
(main effect of window type (pre-task failure, yoked), F(1,26)=0.584, p=0.452). There 
was no significant interaction between these factors either (F(1,26)=0.550, p=0.465). 
Thus, forces in pre-task failure windows were not significantly different from forces in 




Figure 32. Forces in pre-task failure windows. Forces in pre-task failure windows were not significantly 
different between conditions. A repeated measures ANOVA demonstrated was no significant interaction 
(F(1,26)=0.550, p=0.465), main effect of drug (F(1,26)=0.813, p=0.376) or main effect of window type 
(F(1,26)=0.584, p=0.452). Abbreviations: MPH – methylphenidate 
 
The number of sample windows used in the pre-task failure contrast was not affected by 
drug (main effect of drug (MPH, Placebo), F(1,26)=0.009., p=0.923) but was affected by 
window type (main effect of window type, (pre-failure, yoked), (F(1,26)=12.69., 
p=0.001). Participants produced significantly more yoked than pre-task failure windows, 
which we previously observed using this task design2. Participants produced 21.1±7.49 
and 20.1±6.59 (SD) successful windows in the placebo and MPH condition, respectively. 
Participants produced 11.5± 6.32 and 12.3±6.67 (SD) pre-task failure windows in the 




3.11±1.5 s (SD). There was no interaction between drug and trial type factors 
(F(1,26)=1.25., p=0.275). 
 
The ratio of failed vs. successful trials was not influenced by the drug (main effect of 
drug (MPH, Placebo), F(1,26)=1.81, p=0.190), neither by the position within the session 
(main effect trial stage (1st or 2nd half): F(1,26)=0.282, p=0.600). There was no 
significant interaction (F(1,26)=0.680, p=0.417), between these factors, either.  
 
To demonstrate that participants fatigued during the experiment we calculated the 
maximum trial force per trial and then the slope of these values over the experiment using 
linear regression. A one-tailed one-sample t test revealed a significantly negative 
(declining) slope for both placebo (t(14)=7.26, p<0.0001) and MPH (t(14)=8.17, 
p<0.0001) conditions. A two-tailed repeated measures t test between slope values 
revealed no differences in slope between conditions (t(14)=0.266, p=0.397). Thus, the 
rate of force decline significantly differed from the start of the handgrip sessions but the 




This chapter reports several interesting findings: 1) MPH improves force output 
(hypothesis one). 2) MPH caused an increase in connectivity with both the hand motor 
area and SMA, during grip but not during pre-task failure (hypotheses two). 3) MPH does 
not appear to modify brain connectivity within the facilitation network during grip or pre-
task failure windows (hypotheses two), 4) The IFG may be involved in mediating the 
decision to terminate exercise, and 5) we confirm that the IC is critical for exercise 
termination2. Thereby, we provide additional support that the IC is a region important for 
processing a muscle fatiguing task and potentially interoception of fatigue-related 





3.5.1 Increased force output and effective connectivity  
 
The neural correlates of stimulant use during fatiguing exercise are unknown. This 
chapter sought to explain how MPH, a readily available stimulant, could alter brain 
activity during a muscle-fatiguing handgrip task. We observed that a 20 mg ingestion of 
MPH resulted in a 5.1% stronger mean grip force throughout the task (Figure 23, Cohen’s 
d = 0.162) than ingestion of a placebo. This increase is in line with previous studies 
examining the effect of CNS stimulants on muscle contraction17,193. Although the 
observed increase is traditionally viewed as a clinically irrelevant effect, it is known that 
relatively small increases represent significant improvements when a task is performed at 
near peak ability or during athletic competition. Thus, this change represents a relevant 
force effect. Although there were improvements in mean force over the course of the 
experiment, we observe no differences in the rate of force decay between conditions. 
Note that this does not indicate a lack of difference in force output. The paradigm was 
designed to raise or lower the target with 80% probability and thus the rate of decay 
between conditions should be equal despite higher or lower forces produced.  
 
Previous work 1,14 demonstrated an ergogenic effect of MPH but did not examine brain 
activity. We investigated brain connectivity during grip and pre-task failure between the 
motor cortices and IC, which are areas important for performing power grip (Chapter 
two)314 and interoception during disturbed homeostasis79, respectively. Our results 
indicate that during grip, but not specifically in the moments prior to task failure, there is 
a MPH-induced increase in connectivity (Figure 28, Figure 30). Although it is not 
possible to validly assess the direction of influence with the methods employed in this 
study, PPI and functional connectivity measures suggest that the IC may be providing an 
excitatory influence on M1. We propose that this excitatory influence may represent an 
upstream influence on M1, which then leads to increased drive from corticospinal 
neurons to the hand to increase force. Swart et al. (2009)1 proposed that, “amphetamines 
may selectively influence the central interpretation of afferent sensory feedback” from 
exercising muscles, or in other words interoception. Although it may be preemptive to 




also influence force output by altering (i.e. perhaps increasing) communication215 
between the motor cortices and IC, even if we refrain from interpreting the direction of 
influence. Limitations of these interpretations are discussed in section 3.5.4.  
 
Our second set of connectivity analyses show that the IC has the same relationship with 
the SMA and M1, and although speculative, we suggest that the IC may be affecting 
descending drive via the SMA as well. The SMA has dense projections to the spinal cord 
levels (C7-T1) rich in motor neurons controlling the hand29,30. Further, SMA micro-
stimulation evokes distal limb and digit movement. On the other hand, the SMA is 
thought to initiate motor drive in a process known as motor readiness or 
Bereitschaftspotential317. Thus, it is possible that the IC provides an excitatory 
relationship under MPH conditions. Recent research examined the effect of caffeine on 
RPE and motor-related cortical potential (MRCP)17. Authors investigated MRCPs in the 
SMA, premotor, and M1 cortices before (-1.5-0), during (0-1s, 1-2s) and immediately 
after contraction (3-4s) and demonstrated a ~5% increase in post-task MVC and 
reduction in task-related RPE. They proposed that the caffeine-induced reduction in 
MRCP in these regions during the task was indicative of reduced corollary discharge 
associated with the concomitant decrease in RPE. Our study also implicates the SMA but 
we found a potential excitatory influence throughout the task between the IC and SMA in 
MPH conditions. It is difficult to compare our results given their study implicate the 
motor cortices in a larger spatial but finer time resolution. It should be noted however that 
in the moments just prior to grip release (i.e. pre task failure) we observed a near 
significant increase in PPI (p=0.11, see section 3.4.2.3) between the IC and SMA in 
placebo and MPH conditions. Thus, our results and those of de Morree et al. (2014)17 
suggests that stimulants may influence the SMA but how this could lead to altered force 
output is unclear. These results encourage further research into the effect of MPH on 
SMA during muscle fatiguing exercise. Alternatively, it is also possible that the IC may 
be acting on M1 by indirect influence via SMA ending in increased drive. Given the 
structural106,108 and functional107 connections between the IC and SMA and that SMA has 
been shown to drive M1 activity during motor execution264,322, it is possible that 





Fatigue is regulated throughout exercise301 323 and specific neural processes have been 
isolated just prior to task failure2. We show here that MPH has an effect over the course 
of the task rather than during pre-task failure. Thus, our interpretation is that MPH 
doesn’t influence the neural response to quit the task but has its ergogenic effect 
throughout. Indeed, this may be reflected by forces in the pre-task failure window were 
not significantly different between placebo and MPH (Figure 32) but is significantly 
different over the course of the task (Figure 23). However, the point at which this occurs 
in this study is unknown, since we did not examine connectivity at specific points 
throughout the task. Previous work by Deshpande et al. (2009)68 examined fatigue over 
three time periods, which enabled authors to comment on how fatigue changed over the 
duration of a fatiguing task. We examined neural activity on a fine (pre-task failure) and 
coarse (during grip) time resolution. Consequently, we are unable to comment on how 
activity or connectivity changed as fatigue developed.  
 
The connectivity analyses we performed can be challenging to conclusively interpret 
since we performed analyses between pairs of ROIs. PPI is unable to rule out the 
involvement of a third or fourth ROI etc., or whether one ROI influences the relationship 
between the task and the second ROI (for more details see Figure 5, in Friston et al. 
(1997)324). Thus, we may conclude altered connectivity but we cannot exclude the 
participation of other networks or areas, such as the cerebellum68 (see section 3.5.4 for 
further discussion of limitations). 
 
MPH’s ergogenic effects may be explained by other factors such as the increase in DA 
transmission associated with MPH145, which could increase motivation and willingness to 
exert more effort18,187. MPH binds 188 and acts on the basal ganglia and influences 
decision making 325 via projections to the frontal cortex during stress or arousal326. 
Indeed, agents that reduce DA transmission cause an increase in fatigue and decrease in 
motivation141. Thus, an increase in the availability of DA and norepinephrine may have 
resulted in participants being more willing to exert a force near to their maximum than 




during the task (see section 3.5.4.2) we investigated changes in PPI connectivity between 
regions of the proposed facilitation network, which focuses on the importance of 
motivational input into the basal ganglia and prefrontal cortex174. We did not observe any 
effect of MPH on PPI connectivity within the facilitation system. Areas such as the 
ventral tegmental area, caudal substantial nigra, and subthalamic nucleus are potential 
regions for dopaminergic influence. However, these areas are particularly difficult to 
image given the volume of brain matter180 approximates to one voxel in the current 
experiment. Thus, we did not attempt to investigate these regions.  
 
Previous work by Roelands et al. (2008) 14 attribute MPH’s ergogenic effect to a 
disruption of thermoregulatory mechanisms leading to increased heat-tolerance during 
exercise. We cannot conclude a similar temperature-based interpretation given that the 
body temperature increase during handgrip exercise do not approach intolerable limits 
(i.e. 41°C) as those that can be achieved during whole body exercise77. Instead, we 
interpret that MPH alters brain connectivity between the IC and motor cortices and 
increases force output.  
 
3.5.2 Pre-task failure activation  
3.5.2.1 Placebo activations 
 
By contrasting task failure with yoked equivalent windows we reveal increased activation 
in the right inferior frontal gyrus (IFG, Figure 26, label a) and IC (Figure 26, label b) 
immediately before task failure. Interestingly, the IFG is heavily implicated in response 
inhibition327-331. Further, it is thought to be a critical structure for decision making332 and 
allocation of attention333 during somatosensory tasks334. The IFG and IC are thought to 
interact with feed forward and feedback processing streams in order to make decisions 
about threats and/or opportunities in the environment based on viscerosensory 
integration334. Consequently, we speculate that IFG activation may represent an 
inhibitory release response decision subservient to homeostatic signals thought to be 





As previously discussed2, we are not able to differentiate if IC activation is subservient to 
a cardiovascular response, pain processing, or to the associated emotional response. The 
IC has been shown to integrate afferent feedback from the periphery102,303 and is thought 
to be the site of viscerosensory integration 220 of alarming stimuli98. Lesions of the IC 
result in asymbolia, a peculiar condition where patients can perceive noxious stimuli but 
do not display an appropriate emotional response335. Although we did not measure 
subjective pain and emotional response during the task, pain and emotion are more likely 
catalysts of task failure given that the cardiovascular increases during handgrip are 
relatively insignificant238 compared to those experienced in whole body exercise. Further, 
others have associated increases in medial IC activation with pain and exhaustion120. 
Indeed, stimulation of afferent Aδ (group III) and unmyelinated C (group IV) fibers 
increases activation in the IC and IFG109. It is difficult to separate the affective and 
sensory response to nociceptive stimulation because they are highly correlated. 
Differentiating between these responses is outside the scope of this investigation. There is 
a large amount of activation overlap in the IC in response to different homeostatic 
responses336 (e.g. air-hunger vs. pain) warranting investigation into other neural 
mechanisms such as brain connectivity. We further the notion that the IC is a critical site 
for terminating exercise in the interest of disturbed body physiology337. In addition, and 
in line with others334, we suggest that the IFG is a cognitive control node that, according 
to our data, is potentially involved in the decision to terminate exercise. 
 
3.5.2.2 MPH activations 
 
Our study is the first to examine the cortical response associated with the ergogenic 
effects of MPH. MPH enhances interest305 and attention 306 and has been shown to 
increase activation in areas associated with attention control338, error monitoring325 and 
visual processing339. The ACC (Figure 27, c) is known to play a role in attention, motor 
control and processing of pain340. Similarly, the left posterior IC (Figure 27, a) is 
associated with the processing of noxious stimuli341. BA 9 (Figure 27, f) of the 




(i.e. executive function) and the IFG is important for task inhibition327-331. The 
dorsolateral prefrontal cortex, ACC, and IC are thought to participate in an executive 
control network important for the top down control of salient stimuli and error processing 
during motor control334. These areas have also been implicated in cognitive restraint of 
hunger344, a interoceptive signal to prevent disturbed homeostasis. It is possible the 
activations we observe here represent enhanced interest and altering of task failure in a 
failed attempt of cognitive control to prevent grip release. Alternatively, activations in the 
ACC, IFG and IC together are indicative of cost-benefit decisions that are based on 
current state and risk assessment345,346. However, comparing pre-task failure activations 
between conditions must be interpreted with caution given that a direct comparison 
between conditions did not yield significant differences.  
 
3.5.3 Grip activations 
 
To investigate the effect of MPH on brain activation during grip we performed whole 
brain analysis during grip. In both conditions, grip activation in BA 4p and 6 (Figure 25 
and , Table 10) are typical of power grip314. In the placebo condition, we observe bilateral 
cerebellar activation (Figure 25, a and b) in the inferior posterior lobe but not in the MPH 
condition. A repeated measures comparison between placebo and MPH activations 
however, did not yield statistically significant results. Thus, we cannot conclusively 
explain increased force from these activations. 
 
3.5.4 Limitations 
3.5.4.1 Analysis limitations 
 
First, we observe increased connectivity between the motor cortices and IC in the MPH 
condition. To interpret this result it is useful to review the difference between functional 
and effective connectivity. Functional connectivity is the correlative relationship between 
two time dependent signals in the brain that may or may not reflect meaningful 




interacting during a task. PPI partially achieves this by inferring that correlations change 
only in the presence of a particular condition214. A limitation of using PPI in a regression 
analysis is the correlation between the PPI regressor and the task203, which is inevitable 
given that the PPI regressor is the product of the task time series and a seed region. 
Consequently, we include the task time course in the regression model as a covariate of 
no interest so that the correlation between target and seed represents only those unique to 
the PPI regressor. Another limitation of PPI is the possibility of different hemodynamic 
response functions between regions347. This may result in different temporal delays that 
render interactions between regions not indicative of directional influences. Therefore, 
we do not interpret the direction of influence between ROIs. For a more detailed 
description of PPI see Friston (1997) 324 and Friston (2011) 214 or O’Rielly et al. 
(2012)215. Other effective connectivity methods, such as DCM, are used to measure 
effective connectivity with directional links between multiple regions in the brain. 
However, we did not implement DCM. DCM requires task activation in the investigated 
areas as a prerequisite 214. Our second level results did not meet this requirement. Further, 
and of more practical and dissemination reasons, PPI is well translatable 214 to those who 
do not have a background in mathematics required to fully understand DCM.  
 
Second, we investigated PPI between regions thought to be important for regulating 
muscle fatigue and force output during a fatiguing handgrip task. Previous work has 
identified the premotor cortex24, and parietal26 cortices as regions that are important for 
feed forward efference copy. Further, the prefrontal cortex has been implicated in 
decision to quit maximal exercise200,348. We attempted to investigate the role of these 
regions in our second PPI analysis for all pairwise connections within the facilitation 
network. However, our analyses did not reveal any significant relationships. Although, 
analyses including all possible ROI-to-ROI pairwise connections may not be sufficiently 
sensitive to reveal a significant relationship and we are not aware of any research that 
would support an a priori hypothesis regarding pairwise PPI interactions within this 
network. Consequently, we do not exclude that connectivity changes between these 




during our fatiguing task but recognize that further experiments will need to be conducted 
in order examine them, or perhaps by using DCM or Granger Causality.  
 
3.5.4.2 Experimental limitations 
 
First, MPH mildly elevates heart rate and blood pressure349 and one might attribute our 
findings to this effect. However, previous research349 indicates that, as expected, the 
BOLD signal in M1 increases with tapping frequency regardless of the presence or 
absence of physiological changes induced by MPH. Thus, if the BOLD responses in 
MPH conditions was simply representing an elevated autonomic response then we 
anticipate that we would have seen a similar, but increased, activation103 in placebo 
conditions, but this was not the case. Further, our PPI analyses implemented an validated 
principle component based strategy (aCompCor) 316 to remove effects physiological in 
nature. In a similar light, it might be interpreted that MPH’s increase on handgrip force 
output is peripherally mediated through an increased oxygen delivery to the muscle 
mediated by an increase in heart rate. This explanation rests on the false assumption that 
fatigue is primarily a peripheral phenomenon and that the presence of lactate hinders 
muscle performance. To elaborate, an exclusive peripheral interpretation would 
erroneously assert that MPH increases oxygen delivery to the muscle and subsequent 
reduction in anaerobiosis (i.e. reduction in lactate production), which leads to improved 
force output. However, this interpretation has been discredited by Swart et al. (2009)1 
who also demonstrated that participants had higher, not lower, lactate concentrations 
during MPH-induced performance improvements. Further, lactate is no longer viewed as 
an anaerobic product causing exercise failure44. Thus, we interpret that MPH’s peripheral 
effects are not the source of the observed effects here.  
 
Second, our study is restricted to the brain and does not examine other parts of the CNS. 
Afferent signals travel through small diameter fibers to the spinal cord where they 
synapse and ascend to higher cortical areas such as the IC, ACC and sensory cortex 
(Figure 1 in Craig (2003)79) and OFC104. Areas such as the periaqueductal grey86, 




components of the afferent signal pathway79 and are important for homeostatic 
regulation. Indeed, MPH binds in the medulla, hypothalamus, and spinal cord of the 
rabbit350 suggesting that MPH could potentially exert an effect via these areas. Studies 
implementing the use of transcranial magnetic stimulation are warranted in order to 
determine if the descending motor command is modulated by MPH in the brainstem or 
spinal cord.  
 
Thirdly, a key feature of central fatigue theory is that the brain manages exercise of 
known duration in advance of catastrophic tissue failure132,351. While the length of the 
handgrip experiment remained constant, the target forces were dynamically adjusted 
throughout the experiment according to trial success or failure (see section 3.3.3.3) and 
thus we are not able to validly enter a debate of any potential modifications of 
teleoanticipatory strategies that participants may have performed throughout the 
experiment. In a similar light, Swart et al. (2009)1 explained that MPH did not alter feed 
forward mechanisms by showing that initial force output did not differ in a self-paced 
fixed RPE trial. However, we were not able to perform the same analyses given that this 
was not a self-selected fixed RPE trial. 
 
Fourthly, the fMRI environment imposed three experimental limitations for our study. 1) 
Handgrip does not well match the complexity of whole-body exercise involved in most 
sporting activities. The data collection of fMRI necessitates that the head is in a fixed 
position and thus exercise involving in large body movement is susceptible to image 
artifacts. Unfortunately, this is an unavoidable limitation in all fMRI research. 2) We 
were not able to fully assess fatigue at the end of the experiment via evoked contractions, 
which would elaborate on the presence of central fatigue299. Thus, our measure of fatigue 
(i.e. calculating the slope of average maximum force) does not differentiate between 
central and peripheral fatigue298. 3) Collecting of RPE is easily achieved during a cycling 
task. However, verbal collection of RPE during fMRI scanning is difficult to collect over 
the noise of the scanner. RPE reporting via a MRI compatible keypad or visual scale 







This is the first study to provide neural correlates of fatigue while using the ergogenic 
stimulant MPH. MPH improves force production throughout the fatiguing handgrip task 
(Figure 24) and alters brain connectivity (Figure 29) between regions of the motor cortex 
and IC during a fatiguing handgrip task. This MPH-related change in brain connectivity 
may represent an upstream influence on the motor cortices during muscle fatigue. This is 
particularly interesting since the IC has previously been assigned an inhibitory 
role2,116,174. MPH appears to exert its ergogenic effect over the course of the task rather 
than at a specific point during the task (Figure 33), which supports the notion that 
exercise is regulated outside the decision to quit132,301.   
 
In the MPH condition, we see pre-task failure window activations not previously 
observed (Figure 28)2 and thus it remains possible that MPH influences neural processes 
just prior to task failure but these differences are not statistically stable in a direct 
comparison to placebo. Further research is required to confirm. It is shown here that brain 
connectivity can be influenced by the use of stimulants during fatiguing exercise. More 
broadly, this study provides additional support to the line of research suggesting that the 
CNS acts to regulate motor drive subservient to homeostatic balance.  
 
In the next chapter, I go on to examine the brain connectivity in the six-minute rest period 
immediately following the fatiguing task in order to determine how brain connectivity is 
influenced. More specifically, we examine whether the observed connectivity in the 
current chapter continues into the recovery period after the task has been completed. On 
the other hand, we also investigate whether the fatiguing task leads to interhemispheric 
functional connectivity disruption of primary motor cortices, a previous supraspinal 

























4  Chapter Four 








Muscles do not recover immediately after exercise has ceased and exercise has been 
shown to have dramatic effects on the CNS in the recovery period. Muscle fatigue and 
other tasks have been shown to alter functional connectivity (FC) in subsequent resting 
state scans. In the previous chapter we demonstrated that MPH increases force output 
during exercise and increases brain connectivity during a fatiguing handgrip task. 
However, it is not known how MPH alters brain FC in the recovery period after exercise 
has ceased. In a double blind, crossover design participants ingested MPH or a placebo 
before performing a fatiguing handgrip task during fMRI. We investigated force output 
and functional connectivity before and after the task. We found that 1) interhemispheric 
M1 FC was reduced in the recovery period 2) MPH resulted in a trend toward a more 
pronounced M1 FC reduction 3) we observe that FC between the IC and hand motor area, 
but not IC and SMA, changed from negative to positive in the recovery period and 4) FC 
was reduced between the right OFC and right IC, and ACC. This study demonstrates that 
1) performing a fatiguing handgrip task in MPH conditions is associated with a trend 
towards greater FC disruptions in the recovery period after exercise which are 
presumably due to the greater forces generated during the task. 2) Task-related brain 
connectivity continues into the recovery period after exercise is ceased, which could be at 
least in part due to lasting group III/IV signaling and/or encoding rehearsal of task-related 
states. 3) Fatigue induced FC disruptions center in the right OFC and may indicate altered 
processing of interoceptive awareness. To our knowledge, this study is the first to 
identify the FC changes in the recovery period after exercise following a fatiguing 






Muscle fatigue is a lasting disturbed homeostatic state characterized by a temporary 
inability to produce or maintain force output10. Muscle fatigue has effects on the CNS 
during and in the recovery period after exercise123,124,353-355. For example, muscle fatigue 
depresses motor evoked potentials61,354,356,357, increases the cortical silent period358, 
increases alpha (7.0 - 12.5 Hz) frequency activity122-124, and induces asymmetrical 
functional connectivity (FC) in both frontal124,125 and primary motor cortices (M1)126. 
 
Tasks occurring before resting state scanning have been show to dramatically affect 
subsequent resting state fMRI (RSfMRI) connectivity whereby task-related networks 
persist into the resting state period (the so called task-related bleeding effect) 222,359 
and/or cause network disruption126. In Chapter three, we saw that MPH altered effective 
connectivity between the IC and hand motor area as well as between the IC and SMA. 
Given the known task related FC effects on subsequent RSfMRI we sought to examine 
whether these neural relationships continued in the recovery period after exercise has 
been completed. Further, given the M1 interhemispheric disruptions observed by Peltier 
et al. (2005)352 we investigated whether increased force production could lead to greater 
interhemispheric disruption.  
 
Seed based functional connectivity analysis of RSfMRI data examines task-free temporal 
correlations214,215 and provides a method of analyses to examine muscle fatigue in the 
recovery period after exercise. In this study, participants ingested placebo or MPH prior 
to performing a muscle fatiguing handgrip task in the scanner and then performed a 
resting state scan during a six-minute recovery period. We firstly examined whether the 
brain connectivity that we observed between the IC and both the hand motor area and 
SMA during the task continued into the recovery period. Second, given that MPH1, and 
other CNS stimulants12,13, increase motor drive and allow for exercise closer to maximal 
ability1,16, we tested whether MPH would induce greater fatigue-induced 
interhemispheric M1 disruptions126 in the recovery period. Finally, we sought to 




cortices. Given the role of the right OFC91 (Figure 3 in Craig (2002)91), ACC, and IC79 in 
the interoception of disturbed homeostasis and their potential role in fatigue93,131, we also 
investigated the effect of fatigue and MPH on FC between right OFC and these regions. 
To our knowledge, this is the first study to examine the effect of MPH administration on 
FC during the recovery period after exercise. 
 
4.3 Methods  
4.3.1 Ethical approval 
 
Participants provided written informed consent before participation. This study was 
approved by the human research ethics committee of the University of Cape Town, South 
Africa (REF:214/2003) and was carried out in accordance with the Declaration of 




Sixteen right-handed participants (8 male, 8 female) without a history of 
neuropsychological disease, drug use (e.g. stimulants, amphetamines, tranquilizers), or 
recent use (1 month) of prescription medication participated in the study. Participants 
were assessed for handedness using the Edinburgh handedness inventory307 and 
completed a neuropsychological evaluation performed by a trained psychologist using the 
Mini International Neuropsychiatric Interview 308. Participant data such as age, height, 
and weight was collected and is displayed in Table 12. This study was partly conducted 
in parallel with the study described in Chapter three but resting state data collection was 
not performed for the first two participants. Thus, we recruited three additional 
participants, whom were not participants in the previous chapter. Consequently, the 
demographic and force-related data are presented in this chapter to reflect these 





Table 12 . Subject data illustrating mean and standard deviations of age, height, weight, BMI, and levels of 
physical activity in METs/week measured by the Generalized Physical Activity Questionnaire. 
Abbreviations: METs – Metabolic equivalent of task. 
 





 8 Female 
30.08±6.28 12.88±44.66 71.76±11.06 22.91±7.87 588.4±783.2 
 
 
4.3.3 Experimental design and resting state instructions 
 
In a double blind counter balanced design participants ingested placebo or MPH and 
subsequently performed three scans 1) pre-task resting state scan 2) task scan during a 
fatiguing handgrip exercise and 3) post-task resting state scan. Immediately following the 
completion of the handgrip task participants were instructed that they would now begin 
resting state acquisition and to keep their eyes closed. Our exact verbal instructions were 
then “to hang out in the scanner” and was identical between participants. Following the 
resting state scan we acquired a structural scan. In this study we examined resting data 
from the 1st and 3rd scan. Participants performed the study in three separate sessions that 
occurred over 3-4 weeks. The procedures describing the fatiguing handgrip task were 
reported section 3.3.3.1 and 3.3.3.2 and were identical to those performed in Chapter 
three. Prior to the start of the task scan participants were asked to verbally rate how they 
felt on a scale from 1-10, where 1 represented completely calm and 10 represented very 





Figure 33. Self reported level of scanner related nervousness. Prior to the start of the scan participants were 
asked to verbally rate how they felt on a scale from 1-10, where 1 represented completely calm and 10 
represented very nervous312. Participants did not differ between placebo (PLA) and MPH conditions. 




As outlined in Chapter three, MPH alters IC-motor interactions during muscle fatiguing 
exercise. Brain networks activated during a task have been shown to persist into resting 
state periods222,359. Consequently, we predict that 1) the brain connectivity patterns we 
observed in Chapter three (Figure 30, Figure 31) will persist during the recovery period. 
MPH induces exercise performances closer to maximal ability1 and muscle fatigue has 
been shown to disrupt interhemispheric M1 FC126. Thus, we predict that 2) MPH 
conditions will result in greater M1 FC disruptions in the recovery period. Further, given 
the known role of the ACC, IC, and OFC in processing interoception of disturbed 
homeostasis79 and their proposed role in fatigue93 we predicted that (3) a fatiguing 
handgrip task will alter FC between these regions. Whole brain disruptions of 
interhemispheric connectivity occur after muscle fatigue and it was interpreted that 
interhemispheric changes in connectivity were potentially caused by intense processing 
of sensory information126. Given the relationship between muscle fatigue and signals of 
disturbed homeostasis we chose regions related to interpreting homeostasis described by 




potential regions for the awareness of muscle fatigue93. In addition, Crabbe et al. (2004) 
124 suggested investigating regions outside the prefrontal cortex (e.g. IC in the temporal 
cortex) during the recovery from exercise.  
 
4.3.5 Force analysis 
 
As previously found in Chapter three, we anticipated that MPH would improve force 
output1. Consequently, we re-examined our force output hypothesis with a repeated 
measures t test (GraphPad Prism 5.0 software, La Jolla, CA, USA) between mean trial 
force values in placebo and MPH conditions.  To illustrate the occurrence of fatigue we 
calculated the maximum trial forces for each participant per trial and then calculated the 
slope of these forces over the 40 trials using a linear regression model. To indicate a 
significant difference within each condition we performed a one-tailed one-sample t test 
on the slope coefficient. In order to compare slopes between placebo and MPH 
conditions, we compared the respective coefficients by means of a two-tailed repeated 
measures t test. As previously discussed, our reason for using slope-calculated fatigue 
instead of post-task MVCs was that we sought to determine the effect of the fatiguing 
task on resting state brain activity. Consequently, we wanted to start RSfMRI scanning as 
soon as the task was completed, which presumably would be best conducted immediately 
after the last trial. We interpret that participants were fatigued given that 1) our 
instructions were always to reach the target force, yet average maximum trial force 
continued to decline over the experiment (i.e. significantly declining slope) and 2) that 
participants continued to fail to reach the target force.  
 
4.3.6 Functional connectivity analysis 
 
RSfMRI FC analysis examines the relationship between fluctuations in BOLD signal 
between brain regions (e.g. ROIs) and is quantified by Pearson correlation coefficients. 
We addressed our hypotheses in a 2 x 2 repeated measures design with fatigue and drug 




and recovery (post-task) and the levels of the drug factor were placebo and MPH.  At the 
individual level, we used the Conn toolbox to create a ROI matrix of person correlation 
coefficients between ROIs (see section 4.3.7) for each participant per condition (i.e. pre-
task placebo, post-task placebo, pre-task MPH, post-task MPH). At the group level we 
then addressed our hypotheses with the following analyses: 
 
1) To address our first hypothesis we implemented an ANCOVA with age and sex as 
covariates of no interest. We tested for the interaction and main effects of the drug (MPH, 
placebo) and fatigue (pre- and post-task) on connectivity between the IC and hand motor 
area as well as between the IC and SMA (see section 4.3.7 for detailed ROI definitions).  
 
2) To address our second hypothesis we implemented an ANCOVA with age and sex as 
covariates of no interest (MPH, placebo). We tested for the interaction and main effects 
of the drug and fatigue on connectivity between the left and right M1.   
 
3) To address our third hypothesis we tested for effects of drug, fatigue, and interaction 
on connectivity between the right OFC and both the right IC, and ACC. First, we 
examined whether there were any condition effects on connectivity between the right 
OFC and other ROIs using a repeated measures multivariate ANCOVA with age and sex 
as covariates of no interest and multiple comparisons accounted for using the False 
Discovery Rate (FDR) 211,212. Then, we examined pairwise condition effects for the right 
OFC-right IC and right OFC-ACC corrected for multiple comparisons using FDR. 
 
4.3.7 ROI selection and definition 
 
In order to determine whether a similar pattern of connectivity within the IC and hand 
motor area was maintained during the recovery period we examined FC changes in the 
recovery period after exercise between the IC and the hand motor area.  We also sought 
to determine whether there would be a continued pattern of connectivity between this IC 
region and the SMA. For this analyses we used three ROI masks, derived empirically 




(2009)217 and others218 1) a meta-analytically derived hand motor area mask associated 
with handgrip in the power grip position (Chapter two)314, which we also used for PPI 
connectivity analyses in Chapter three, 2) a meta-analytically derived SMA mask 
associated with handgrip in the power grip (Chapter two) 314 and 3) an IC mask region 
obtained from task activations in Chapter three (Cluster b, Figure 27).  
 
As in Chapter three, in order to obtain the motor cortex and SMA areas involved in the 
power grip we used MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron/) to 
manually identify overlapping voxels between the area 4 ap and area 6 ROIs provided by 
the SPM Anatomy Toolbox259 with the respective neuroimaging meta-analytic314 clusters 
(Chapter two, Figure 8, clusters 1 and 3, respectively). Thus, the resulting hand motor 
area ROI and SMA were composed of only the regions involved in power grip (Figure 
23). However, in the current chapter, the IC ROI was selected from task-failure 
activations generated in Chapter three (Cluster b, Figure 27). We preferentially chose this 
region over the task failure region from Hilty et al. (2010)2 since this region was derived 
from participants in this study.  
 
In order to test for disruptions of motor cortex connectivity, we used M1 cortices 
generated by the SPM Anatomy toolbox 1.7 (http://www.fz-juelich.de/inm/inm-1/ 
DE/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomyToolbox_ node.html), which 
were defined according area 4 and 6 as in Geyer et al. (1996)259.  
 
To test for effects of drug and fatigue on connectivity between right OFC, right IC, and 
ACC, we used the right OFC and bilateral ACC of the Harvard-Oxford atlas 
(http://www.cma.mgh.harvard.edu/fsl_atlas.html), which are defined in Caviness et al. 
(1996)320. The right IC was the same ROI used for in first hypotheses of this chapter. An 
additional reasoning for selecting these three regions instead of a whole brain parcellation 
of ROIs was that FDR corrected measures are more effective with a fewer statistical 
tests360. Thus, although this test examines for any significant pairwise relationship, it was 





4.3.8 Resting state data acquisition 
 
We used a Siemens 3T Magnetom Allegra Syngo MR 2004A cerebral scanner to acquire 
six minutes of eyes-closed resting state data. There were 180 T2-weighted images per 
resting scan with a repetition time of 2 s and echo time (TE) of 30 ms. We selected six 
minutes knowing that the central124,354and peripheral361 effects of the fatiguing handgrip 
task would be greatest during this interval, without compromising on the recommended 
time to collect stable resting state data362. The field of view was 220 x 220 mm, 33 slices 
were taken per image and voxel size was 3.4 × 3.4 × 4.0 mm. At the end of each 
experimental session we collected whole-brain T1-weighted multi-echo fast spoiled 
gradient (FSPGR) anatomical images (TR=2 s, TE=1.53, 3.21, 4.89, 6.57 ms, voxel = 
1×1×1.5 mm, field of view: 256x256 mm, 128 slices), for the purpose of anatomical 
localization of the FC data. Participant’s head were padded with foam to minimize head 
movement while maintaining comfort. 
 
4.3.9 Image preprocessing and denoising 
 
We performed preprocessing of the resting-state fMRI data using Conn 15.a connectivity 
toolbox in Matlab 2014b (The MathWorks Inc. Natick, MA, USA). Image data was 
processed using Conn’s default preprocessing pipeline, which implements preprocessing 
procedures from SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). Two dummy images were 
collected ahead of the scan to allow the MRI signal to calibrate and were subsequently 
discarded from the time series before preprocessing. Images were normalized to the 
ICBM152 MNI template and realigned. Structural images were skull stripped, 
segmented, and normalized to the brain. Next, functional images were aligned to 
structural images using movement parameters. Subsequent images were spatially 
smoothed using a 8mm full-width-at-half-maximum Gaussian filter. ROI mean time 






The results of connectivity RSfMRI are susceptible to spurious correlations214,316 caused 
by unwanted temporal confounds, such as head motion and physiological signals. 
Consequently, we used several denoising methods following preprocessing implemented 
within Conn to address this. Using a principle component analysis regression-based 
strategy (aCompCor) 316 Conn mitigates temporal confounds and other physiological 
noise, such as those originating from the cerebrospinal fluid. Further, Conn employs 
ArtRepair319 software that identifies outlier images according to a volume-to-volume 
motion threshold and a volume-to-volume global signal z-value threshold. Time points 
that exceed these thresholds are encoded within a first level covariate of no interest that 
isolates images without deleting or interpolating data time points to ensure continuity. 
High motion volumes were identified in the regressor as those exceeding a global signal 
threshold z-value of 3 and motion threshold of 2mm. To ensure that there was no 
difference between conditions in the number of images that were removed from the 
analysis we calculated a 2x2 repeated measures ANOVA. In order to remove frequencies 
not associated with the signal of interest (e.g. potential signal noise) we employed a band 
pass filter (0.008 to 0.09 Hz) and the subsequent data was despiked before FC analysis. A 
more detailed description of Conn’s denoising methods can be found in Whitfield-
Gabrieli and Nieto-Castanon (2012)316. It has been suggested that areas of the prefrontal 
cortex, such as the OFC, are susceptible to signal dropout due to nearby brain tissue/air 
interfaces. In order to confirm that this did not affect the OFC region from which we 
extracted our signal, we visually inspected this region in MRIcron on a participant-by-





4.4.1 Force results 
As found in Chapter three, participants produced significantly greater force in the MPH 
than placebo condition (Figure 34, T(15)=2.38, p=0.015, Cohen’s d=0.147, 113.1±37.8 
vs. 118.7±39.4 (±SD) Newtons (N)). As previously mentioned in section 4.3.2 we 
recruited three additional participants, whom were not participants in the previous 
chapter. Results continue to reflect those observed in Chapter three. 
Figure 34. Mean trial grip force is greater in MPH conditions. One tailed paired t test demonstrates that 
participants produced significantly greater force in the MPH than placebo condition. T(15)=2.385, p=0.015, 
Cohen’s d=0.147, 113.1±37.8 vs. 118.7±39.4 (±SD) Newtons (N). *p<0.05. Abbreviations: MPH – 
methylphenidate 
 
To demonstrate that participants fatigued during the experiment we calculated the 
maximum trial force per trial and the slope of these values over the experiment. A one-
tailed one-sample t test revealed a significantly negative (declining) slope for placebo 
(T(15)=12.9, p<0.0001) and MPH (t(15)=7.75, p<0.0001) conditions and a two-tailed 
repeated measures t test revealed no difference in slope between placebo and MPH 





4.4.2 Functional connectivity results 
4.4.2.1 Hand motor area to insula cortex (IC)  
 
We observed an effect of drug (F(15)=6.38, p=0.017), interaction between drug and 
fatigue (F(15)=4.59, p=0.040), but no effect of fatigue (F(15)= 0.086, p=0.771) on 
functional connectivity (Figure 35). Given the centrality to our hypotheses of potential 
moderating effects of MPH on changes in FC, we conducted a series of post-hoc tests 
decomposing the interaction with two t tests. The FC in post task placebo conditions was 
significantly lower (and negative) than the corresponding connectivity estimates in post-
task MPH conditions (-0.086.1±0.207 vs. 0.107±0.159 (±SD), T(15)=2.71, *p<0.016), 
with no differences in connectivity observed between placebo and MPH conditions in the 
pre-task conditions (-0.015±0.133 vs. 0.013±0.154 (±SD), T(15)=0.63, p=0.541). 
 
Figure 35. Functional connectivity between IC and hand motor region is altered with MPH. We observed 
an interaction between fatigue and drug (F(15)=2.370, #p=0.016) and effect of drug (F(15)=3.05, p=0.008) 
but no effect of fatigue (F(15)= 0.086, p=0.771). T tests show no difference between drug pre-task (T(15) = 
0.63, p=0.541) but are significantly different post-task (T(15) = 2.71, p=0.016). *p<0.05. Abbreviations: IC 






4.4.2.2 Supplementary motor area to insula cortex (IC) 
 
We observed no effect of drug (F(15)=0.58, p=0.716), fatigue (F(15)=0.380, p=0.710) or 
interaction (F(15)=0.02, p=0.985) between the SMA and IC (Figure 36).  
 
 
Figure 36. Functional connectivity in the recovery period between SMA and IC is not altered with 
administration of MPH. There was no effect of drug (F(15)=0.58, p=0.716), fatigue (F(15)=0.380, p=0.710) 
or interaction (F(15)=0.02, p=0.985). Abbreviations: SMA - supplementary motor area, IC – insula cortex, 
MPH - methylphenidate 
 
4.4.2.3 Interhemispheric primary motor cortex (M1)  
 
We observed both a main effect of fatigue (F(15)=2.17, p=0.046) and main effect of drug 
(F(15)=2.89, p=0.01) where both factors reduced connectivity. Although we did not 
observe an interaction effect, a trend was present (F(15)=1.92, p=0.074, Figure 37). To 
explore this trend, we performed a post hoc t test between post-task in placebo and post-
task in MPH conditions revealed a highly significant difference between conditions 









Figure 37. MPH and a fatiguing handgrip task reduced interhemispheric primary motor cortex (M1) activity 
functional connectivity. We observed both a main effect of fatigue, F(15)=2.17, #p=0.046) and main effect 
of drug,(F(15)=2.89, *p=0.01) where both factors reduced connectivity. Although we did not observe an 
interaction effect, a trend was present (F(15)=1.92, p=0.074).  MPH - methylphenidate 
 
4.4.2.4 Right orbital frontal, anterior cingulate and insula cortex 
 
In the multivariate test to examine any effect for connectivity with the right OFC, we 
observed a main effect of fatigue F(13)=19.76, p=0.0002) but no main effect of drug 
(F(13)=0.08, p=0.971) or interaction (F(13)=0.85, p=0.65). Post-tests to address specific 
relationships between the right OFC and both the ACC and IC indicate significant 
decreases in FC for main effect of fatigue between right OFC and ACC F(15)=5.75, 






Figure 38. Functional connectivity between the right OFC and ACC is significantly decreased with fatigue. 
F(15)=5.75, ***p<0.0001. Abbreviations: OFC: Orbital frontal cortex, ACC – anterior cingulate cortex, 




Figure 39. Functional connectivity between the right OFC and IC is significantly decreased with fatigue. 






4.4.3 Denoising results 
 
During denoising Conn isolated outlier images that were used as first level covariates 
from participants. There was no effect of drug (F(30)=0.610, p=0.649) or fatigue 
(F(30)=0.520, p=0.381) or interaction (F(30)<0.00, p=1.00) on the number of volumes 
that exceeded the motion or global signal threshold. The mean number of images isolated 
were 7.13±4.53, 8.0±6.06, 7.94±6.20, and 8.81±6.88 for placebo pre-fatigue, placebo 
post-fatigue, MPH pre-fatigue, and MPH post-fatigue, respectively.  
 
4.5 Discussion 
4.5.1 Main findings 
 
This study examined the effect of MPH on handgrip force and changes in RSfMRI FC in 
the recovery period after exercise. We demonstrated several interesting findings: 1) The 
ingestion of 20 mg of MPH and performing a fatiguing handgrip task resulted in a change 
from negative to positive FC between the IC and hand motor area (Figure 35) 2) An 
MPH-related improved force output (Figure 34) during the task led to a trend of greater 
interhemispheric M1 FC reduction (Figure 37). 3) FC was reduced in the recovery period 
after a fatiguing handgrip task between the right OFC and both right IC cortex, and ACC. 
 
4.5.2 Insula and hand motor area connectivity 
 
The IC is thought to integrate interoceptive homeostatic information91,363 from the 
periphery102,303 and to be important for the termination of exercise2. The IC is heavily 
integrated with the motor cortices111 and as seen in Chapter three the IC may provide an 
excitatory influence on the motor cortices under MPH conditions during muscle fatiguing 
exercise2,116. Interestingly, we observed that MPH shifted FC from a negative to positive 
between the IC and hand motor area in the recovery period after exercise. It is possible 




effect222/cognitive inertia, whereby similar network activity is maintained after a task is 
complete 359.  
 
The FC we observed in a six minute recovery period may reflect an inhibitory effect in 
placebo conditions and excitatory effect in MPH conditions independent of executing 
handgrip task. In non-exercising muscles, a pain-inducing injection of hypertonic saline 
leads to lasting decreased cortical excitability364. Afferent signals are generated in 
response to painful mechanical and chemical stimuli80 (e.g. phosphate82) associated with 
fatiguing muscle contraction and have been shown to inhibit motor neuron firing rates88. 
Further, these fibers continue to fire after muscle contraction has stopped82. The 
connectivity changes we observe are independent of force generation since participants 
were at rest. Thus, the FC we observe in a six minute recovery period may reflect an 
inhibitory effect in placebo conditions and excitatory effect in MPH conditions 
independent of executing handgrip task. This observation is inline with the finding that 
connectivity during a task maintains similar activity in the rest period after the task 222. 
The so-called bleeding effect, or cognitive inertia, may reflect active task disengagement, 
rehearsal, and/or encoding of previous states, which continue post-task356. Although we 
cannot confirm the persistent activation of afferent fibers, we suggest that the 
connectivity pattern observed in placebo conditions could be at least in part due to lasting 
group III/IV signaling or task disengagement, while the connectivity pattern observed in 
MPH conditions could represent encoding rehearsal or task-related encoding of previous 
states. It should be noted that the current chapter utilized a different IC ROI than what 
has been used for connectivity during the task in Chapter three (right and left IC, 
respectively, see ROI selection and definition) suggesting that this relationship (Figure 
35) is not simply inertia of activation in the same regions but perhaps a meaningful effect 
between the motor cortices and IC extending into the recovery period, which is 
influenced by MPH.  
 
Additionally, the observed change in connectivity between placebo and MPH may 
represent secondary widespread MPH–induced alterations of network activity. MPH has 




affects connectivity of striatal networks, although the exact nature of these changes and 
MPH’s role in the motor network is not clear. MPH-induced decreased connectivity was 
reported for the cortico-striatal-thalamic network at rest, with increases in connectivity 
concomitantly observed in the sensory motor network366. Conflicting with this, evidence 
shows that MPH increases striatal connectivity, while sulpiride, a DA antagonist, has the 
opposite effect367.  The ROI pairwise analysis we have performed excludes the 
examination of the potential involvement of striatal regions, and as such our data 
interpretations cannot enter into the debate on striatal involvement. Instead, we suggest 
that MPH may have induced the motor cortex or IC368 to become involved in competing 
networks369, although, we do not have the data to support this interpretation. Nonetheless, 
the FC between these regions did not differ before the fatiguing task. Thus, in line with 
the data shown here, we interpret that MPH and fatigue interact to alter FC changes in the 
brain but whether this occurs through an IC-motor cortex relationship or network 
switching cannot be conclusively confirmed.  
 
In Chapter three, we saw MPH increased effective connectivity during fatigue between 
the IC and SMA. However, we did not observe the same bleeding effect of brain 
connectivity between these regions (Figure 36) as was observed between IC and the hand 
motor area (Figure 35). The study of task influence on resting state periods is a relatively 
new field of research221 and ROI-specific relationships have not been well investigated. 
Conflicting evidence by Tailby et al. (2015)222 demonstrates pervasive task-related 
increases in connectivity after a non-fatiguing motor task regardless of ROI. In agreement 
with the current findings Roth et al. (2014) found SMA connectivity to vary between task 
and rest, where some connections remained stable, and others not.  
 
Our RSfMRI data support the notion that task related changes between the IC and motor 
cortex, but not IC and SMA, continue to be present after muscle-fatiguing exercise has 
ceased but certain analysis limitations of FC should be considered. Similar to PPI, FC 
cannot validly assess direction of influence and thus we cannot confirm directional 
influences but only an interaction among brain regions during the task and a residual 




connectivity, such as global signal regression, have raised issues with interpreting 
negative connectivity370. However, The aCompCor method316 used in our analyses does 
not employ global signal regression and thus improves inference regarding anti-
correlations. Although speculative, we propose here that MPH could be altering 
communication between the hand motor cortex and IC in the recovery period after a 
fatiguing exercise task.  
 
4.5.3 Interhemispheric motor cortex connectivity 
 
We show that participants increased force output during MPH conditions (Figure 2, 
Cohen’s d = 0.147) and that this led to a disrupted neuronal state in the brain as measured 
by interhemispheric M1 FC 126. Although, the observed increase in force was small, it is 
in line with previous effects of simulants on force output17,182,193. In line with our 
hypothesis, MPH-induced force increase coincided with a more pronounced reduction in 
interhemispheric connectivity, albeit at a trend (p=0.074) level.  
 
The effect of fatigue on interhemispheric M1 FC could be caused by a number of 
processes. For example, the volume of activation in the sensorimotor cortex371 is more 
affected on the contralateral side of the task after a fatiguing handgrip task and motor 
evoked potentials induced by TMS have been shown to be reduced on the contralateral 
side after handgrip361 as well as in other fatiguing exercise356,357. Further, the cortical 
silent period, which reduces the probability of neuronal firing372 and partly arises from 
intracortical inhibition, is lengthened following fatiguing exercise358. Cortical silent 
periods, or refractory period, which have been shown to be dependent on group III/IV 
afferent fibers75, could be acting as a central mechanism to reduce neuronal firing. 
Indeed, type III/IV afferent fibers respond to metabolites generated during exercise and 
continue to fire after muscle contraction has stopped82, suggesting a potential lasting 
inhibitory effect. On the other hand, prolonged motor cortex activation during grip may 
lead to post synaptic receptor activation via indirect gating of metabotropic receptors, 
which modulate neuronal state (e.g. excitability and activation) lasting for minutes in 




(Figure 10-8 in Kandel et al. (2000)21). Together, reduced motor evoked potentials, 
lengthened cortical silent periods, and prolonged activation may modify M1 excitability 
and consequently neural activity that would affect FC between the contralateral and 
ipsilateral M1, which has not been activated to the same extent63 (Chapter two, Figure 8). 
Indeed, reduced excitability of the motor cortex is thought to be a core aspect of central 
fatigue54,55. 
 
We observed a trend towards a significant interaction between drug and fatigue. 
Although not statistically significant, a Cohen’s d of 0.85 was obtained for post-hoc 
repeated measures t test between placebo and MPH in the recovery period, suggesting a 
strong effect difference between conditions. A potential reason for why interhemispheric 
connectivity may not have been significantly more pronounced in MPH conditions was 
that more intense contractions may have led to greater recruitment from ipisilateral M1 
neurons177 in an attempt to overcome fatigue63,65,174, which if utilized would reduce M1 
asymmetry during the task. We interpret that MPH allows participants to reach stronger 
grip forces that were not previously possible in placebo conditions1, which in turn 
resulted in larger interhemispheric M1 disruptions. Swart et al. (2009)1 demonstrated that 
in MPH conditions participants had higher peripheral indicators of exertion such as 
lactate, oxygen consumption, heart rate and breathing rate, which indicates participants 
were able to withstand higher work rates in MPH conditions. MPH’s ergogenic effects 
may be explained by the increase in DA transmission associated with MPH145, which 
could increase willingness to exert more effort18,187. Since the goal of the task was to 
always reach a force level, which was dynamically changed in the current experiment 
(see section 3.3.3.3) to encourage fatigue regardless of stronger forces applied, we 
interpret that MPH in our study did not prevent the occurrence of fatigue via a restoring 
effect (indeed both conditions displayed a negative slope of force) but raised the force 
output that participants performed in order to complete the task, perhaps via IC-motor 






4.5.4 OFC, ACC and IC network connectivity 
 
We observed FC changes in response to muscle fatiguing task centralized in the right 
OFC. EEG studies 124,125,355,373 have well-established that exercise disrupts frontal alpha 
interhemispheric symmetry and whole brain disruptions of interhemispheric connectivity.  
Peltier et al. (2011)221 interpreted that the fatigue-induced changes in wide spread 
interhemispheric connectivity (i.e. between hemispheres)  were potentially caused by 
intense recruitment or processing of information associated with a muscle fatiguing 
task126.  While on the other hand Tailby et al. (2015) demonstrated increases in 
connectivity regardless of ROI after a motor task. Thus, it was not clear whether to 
expect task-related increase or decreases in connectivity within these regions in our 
study. Post-task decreased FC was observed between the OFC and both the ACC, and 
right IC.  
  
Muscle fatigue can be viewed as a state of disturbed homeostasis374 and disturbed 
homeostasis is associated with increased activation in the ACC 375 and insular cortex79, 
perhaps reflecting processing of interoception91. In humans, the IC projects to the 
OFC104,108 and ACC111. Muscle fatigue activates the IC2 as well as the OFC after 
fatigue127, which are both activated in response to sympathetic arousal103,376. Indeed, a 
viscerosensory network that includes the IC and OFC, has independently proposed by 
multiple research groups 91,104,105 (see Figure 3 in Craig et al. (2002)91). Pain, which is an 
inseparable part of muscle fatiguing exercise, generates both a sensory and emotional 
response91, which is partly processed by the OFC91. The IC and ACC have both been 
associated with the response to pain109,375. The pain response is thought to be formed 
when sensory information from the IC is relayed to the OFC, which is thought to be 
important for interoception of homeostatic signals377. Indeed, afferent fibers continue to 
fire after muscle contraction has stopped82. Interestingly, acupuncture, a pain reduction 






Although we cannot confirm, it is possible that the fatigued state alters resting processing 
between the OFC and these regions in response to interoception of pain related to 
performing the handgrip task. Future studies should address differential effects of these 
various aspects of fatigue on OFC intrinsic connectivity, and the implications of reduced 
connectivity between this structure and other task-relevant brain regions for physical 
fatigue. On the other hand, connectivity disruption in the OFC is interesting given the 
proposed role of mental fatigue in exercise27. Mental fatigue, which is an inseparable 
component of physically demanding exercise130, is associated with activation the OFC128 
and functional connectivity in the medial frontal gyrus379. Given that the OFC has been 
implicated in processes of sensory integration, muscle fatigue, pain, and mental fatigue, it 
is possible that connectivity within these regions suffers a post-task depression similar to 




There are a number of limitations to this study that should be borne in mind when 
interpreting our results. Firstly, RSfMRI connectivity is based on correlational findings, 
and with the possible exception of task related methods like Dynamic Causal Modeling 
and Granger Causality Analysis any connectivity-based conclusion provides limited 
support for arguments of causality. Since RSfMRI is a task-free analysis we are unable to 
interpret FC to be associated with a specific task or event. Secondly, there are different 
hemodynamic response functions between individuals and cortical regions that may result 
in different temporal delays 347, which make it difficult to interpret temporal correlations 
of neuronal activity (a criticism also applied to Granger Causality). Thirdly, connectivity 
fMRI is particularly susceptible to spurious correlations214,316 caused by unwanted 
temporal confounds such as head motion and physiological signals. While Conn’s 
aCompCor method316 has been shown to be effective in removing unwanted confounds380 
without the use of global signal regression, it is not possible to guarantee the removal of 
all physiological noise. For example, there are HR increases associated with handgrip and 
MPH. The potential influence of HR noise originating from MPH can be excluded since 




has been shown that heart rate returns to baseline within less than a minute of ending a 
repetitive 16 s 80% MVCs381. Thus, it is unlikely that the FC changes we observe are a 
consequence of the physiological noise. Indeed, we applied a motion and global signal 
threshold and illustrated that there were no differences between the numbers of outlier 
images identified between conditions. Fourthly, despite showing a significantly declining 
slope of force we were not able to fully assess fatigue at the end of the experiment via 
evoked contractions, which would allowed us to elaborate on the presence of central 
fatigue299. Thus, our measure of fatigue (i.e. calculating the slope of average trial force) 
does not differentiate between central and peripheral fatigue298. Fifthly, while we 
demonstrate a potential post-exercise relationship between the IC and the hand motor 
area, we cannot determine other motor pathway components that may be involved. For 
instance, stimulants such as caffeine have been shown to increase submaximal muscle 
force195. However, evidence suggests that the effect of stimulants can be attributed to 
supraspinal effects rather than on the muscle itself193. Finally, due to pre-post study 
design constraints we were not able to address the possible effect of time-in-the-scanner 




Firstly, administration of 20 mg of MPH causes a positive shift in connectivity between 
the IC and hand motor area in the recovery period after exercise has ceased (Figure 35). 
Further, the observed increase in MPH connectivity during recovery supports the so-
called bleeding effect. Secondly, increased force production during a fatiguing handgrip 
task (Figure 34) is potentially associated with a more pronounced functional connectivity 
disruption (Figure 37) in interhemispheric M1. Lastly, this study demonstrates novel 
disruptions of FC with the right OFC and key interoceptive regions, such as the IC and 
ACC, supporting the possibility that participants have altered interoception following a 
fatiguing task, which are perhaps due to the symptoms of muscle fatigue (e.g. pain, 
discomfort). The results of this study support that central fatigue processes are ongoing 





In confirming the observation that preceding tasks can influence subsequent resting state 
connectivity, a broader conclusion of this study is that caution should be taken when 
performing resting state connectivity experiments. This is particularly applicable to 
projects that pool the acquisition of functional and resting state data into a single data 
collection session, or the pooling of larger multi center projects that may not have 





5 Chapter Five 







The earliest hominids gained an evolutionary advantage over their counterparts by its 
ability to grip and manipulate objects into tools for hunting, eating, and aggressive 
behavior. In the present day, this ubiquitous action remains equally important for how we 
interact with our environment. However, like all muscular contractions, handgrip is 
regulated partly by a multitude of peripheral and central mechanisms that lead to muscle 
fatigue. Peripheral fatigue theory attempts to explain the mechanisms that occur 
downstream of the neuromuscular junction, where as central fatigue theory addresses 
mechanisms from the neuromuscular junction to the brain. Central fatigue theory 
proposes fatigue is perceived and interpreted by similar neural structures that regulate 
homeostasis. A sub-component of central fatigue specifically examines the reduced 
descending drive from the motor cortex, which is known as supraspinal fatigue. 
However, the supraspinal mechanisms that influence the motor cortices to reduce force 
output have remained elusive to central fatigue theory. In order to investigate this we 
used a muscle fatiguing handgrip task completed within a MRI scanner. We first 
investigated the brain regions responsible for the performance of handgrip in its most 
fundamental type and pattern and generated ROIs characterizing the areas important for 
handgrip. Then, using these regions we examined the central mechanisms of handgrip 
fatigue, with a particular focus on the IC, in three separate time resolutions: 1) throughout 
the task (during grip), in the moments just prior to task failure (pre-task failure), and 
during the recovery period after the task (post-fatigue).  
 
5.1.1 Main findings 
 
Our main findings were:  
Chapter two: 
i. Grip type and pattern generate both unique and shared brain activation. 





iii. Despite these differences there is a striking regional similarity between the areas 
involved in different grip type and pattern. %
%
Collectively, chapter two demonstrates that different forms of handgrip are not only 
characterized by location and strength of activation but possibly by other mechanisms 
such as brain connectivity, neural coding, or oscillations in electrophysiological activity. 
 
Chapter three: 
i. The IC and inferior frontal gyrus are important structures for task failure. 
ii. MPH improves force output throughout a fatiguing handgrip task but not in the 
moments prior to task failure. This supports the notion that the ergogenic effect of 
MPH is evident throughout exercise rather than in the moments just before 
quitting exercise.  
iii. MPH alters brain connectivity between the IC and each of the hand motor cortex 
hand area and SMA This suggests an excitatory relationship and/or increased 
communication in MPH conditions.  
iv. Despite the potential influences that MPH may have on motivational input into 
the facilitator network, we did not observe any evidence to suggest that MPH 
influences effective connectivity between regions during grip or task failure.  
 
Our findings from Chapter three suggest that MPH alters effective brain connectivity 
between the motor cortices and the IC throughout a muscle-fatiguing task rather than in 
the moments prior to task failure. This change in effective connectivity may represent an 
upstream supraspinal mechanism acting to increase force output under the influence of 
ergogenic stimulants. The results of chapter three are consistent with the CGM and 
neurotransmitter model of fatigue. Unfortunately, since we did not directly control for 
feedback or feed forward mechanisms, we are unable to enter into debate of how our 
results apply to the psychobiological model. 
 
Chapter four: 
i. MPH-induced increased in task-related force output may induce a trend towards 
greater interhemispheric M1 FC disruption. 
ii. Task-related EC between the IC and hand motor area appears to persist into the 
recovery period as indicated by a similar FC relationship. However, this is not 
true for IC and SMA connectivity.   
iii. A fatiguing handgrip task reduces FC in regions known to be important for the 





Chapter four demonstrates that a fatiguing handgrip task leads to both a persistence and 
disruption of FC in the recovery period in regions related to the task and interoception of 
homeostasis, respectively.  More broadly, this chapter shows that caution should be taken 
when fMRI research initiatives contain a series of resting state or task scans.  
 
 
5.2 Relevance of findings, limitations and future directions 
 
This thesis makes a novel contribution to the understanding of the supraspinal processes 
of handgrip, handgrip muscle fatigue, and increases our understanding of how CNS 
stimulants lead to changes in force output during exercise. 
 
We began our analyses in Chapter two with an ALE of the brain regions involved in 
handgrip. An intriguing finding of this chapter was that dynamic and static handgrip 
shared activation in area 2. This region has been implicated in the evolution of hand and 
tool use268. The old world monkeys and the cebus monkey are the only primates besides 
humans that have a well-developed area 2 and an opposable thumb423. It would be 
interesting to perform similar ALE analysis in primates, particularly with the old world 
monkeys268, in order to investigate potential differences between species, which may 
shed light on this important trait. Although, this line of research poses challenges due to a 
lack of studies and species related brain structural differences.  
 
In Chapter three we investigated the neural correlates of the ergogenic effect of MPH. 
The ergogenic effect of CNS stimulants have been long known12,13. It is for this reason 
Thesis contribution: Handgrip is a complex task partly orchestrated by network brain 
regions including the motor cortices (e.g. M1, SMA) (Chapter two), which interact 
with homeostatic brain regions (e.g. the IC) under fatiguing conditions (Chapter 
three). Ingestion of MPH leads to increase in force output and alters task-related brain 
connectivity (Chapter three), which continues to be influenced after the handgrip task 





that MPH and other readily available stimulants, such as Adderall382, are illicitly used in 
competitive sports. For example, 33% of the resolved cases in 2013 by the US anti-
doping agency were for stimulant use and 31% of 234 NCAA athletes reported using 
performance-enhancing drugs, which included stimulant use, despite that these athletes 
were all subject to random drug testing throughout the academic year383. The 2015 world 
leader in the 100m sprint, Justin Gatlin, tested positive for amphetamines in 2001. Gatlin 
defended these allegations by claiming therapeutic use for attention deficit hyperactivity 
disorder (ADHD). The incidence of ADHD-related therapeutic use exemption in major 
league baseball has reached nearly 8%, which has nearly quadrupled since the 
organization banned amphetamine use 384. This is highly suggestive that athletes are 
attempting to exploit MPH for its performance benefits. MPH, which is commonly used 
to treat ADHD, is a world anti-doping agency band substance, yet how it acts to improve 
performance is unknown. The results of Chapter three suggests that MPH alters IC-motor 
cortex connectivity during a fatiguing handgrip task leading to increased force output but 
further research is warranted to investigate its causal relationship to improved 
performance. These results have implications for the question of whether those with 
ADHD should be allowed to use MPH during competition in sport. The rationale for 
therapeutic use is that those with ADHD are at a cognitive disadvantage and should be 
allowed therapeutic use exception385. However, in a double blind MPH baseball trial, 
boys with ADHD increased their game-related attention but this did not improve their 
skill performance386. Further, the proposed ergogenic mechanism of MPH in this thesis 
acts on interoception-related brain structures, which we assume function no differently 
during muscle fatigue between those with or without ADHD. Thus, regardless of 
diagnosis, we propose that MPH should not be permitted because it may lead to an unfair 
advantage (i.e. increased force output). Mild stimulants such as caffeine are permitted 
and frequently used in competitive sport. However, unlike caffeine, MPH and bupropion 
may disrupt normal heat regulatory mechanisms14 that are important for preventing 
exercise-induced hyperthermia. As such, MPH and other drugs alike should not be 
allowed in sports associated with intense cardiovascular exercise based on safety 





Discussion of population-specific responses to DA stimulants warrants highlighting the 
question of whether DA tone is an important factor for the efficacy of ergogenic 
stimulants. Rat populations that are bred for increased voluntary wheel running have 
higher DA tone than controls191 and do not ergogenically respond to MPH192, while the 
opposite is true for control rats. Similarly, rats genetically predisposed to obesity also 
display higher levels of DA tone in comparison to controls182. Investigating the 
relationship between DA tone and ergogenic response to stimulants would be relevant 
given the recent proposal of stimulant use to increase physical activity in low 
activity/overweight populations182. Indeed, all participants received a 20 mg dose of 
MPH regardless of body weight. Unfortunately, we were unable to collect blood plasma 
samples and thus have no measure of individual drug bioavailability for our participants. 
Future experiments could employ PET to quantify the relationship between the ergogenic 
response (e.g. percent mean force improvement) with the binding potential of MPH to 
DA387 transporters as well as a measurement of DA receptor availability 388, which 
together would reflect DA tone and the efficacy of the drug, respectively. 
 
In a similar light, the hemodynamic response is not well understood and may be driven 
by neurotransmitters such as dopamine207. For example, dopaminergic modulation has 
been associated with both increases207 and decreases208 in cerebral blood flow. Dilation or 
constriction of microvessels is thought to be mediated by dopaminergic post-synaptic 
action of astrocytes and/or dopaminergic receptors on microvessels. Since the BOLD 
signal is partly a measure of cerebral blood flow this confound should be kept in mind. 
However, given that the study of neurotransmitter-mediated microvascular modulation is 
an inchoate line of research, and thus not well understood, it is unclear how the 
interpretations of this thesis should be modified.  
 
Handgrip induces intense sensations of muscle fatigue but it does not generate all the 
sensations associated with whole body exercise (e.g. increase in temperature137 and air 
hunger100). Excessive body heat, for example, is an important factor regulating exercise 
performance136. Temperature is assumed not to be a relevant experimental factor related 




similar to MPH, such as bupropion, are thought to prolong exercise through a disruption 
of heat regulatory mechanisms148,300. Given the constraints of the fMRI environment, we 
were unable to investigate the involvement of stimulant-related temperature effects 
during whole body exercise. Future studies should be conducted in order to examine the 
impact of MPH on brain activity during fatiguing cycling, perhaps using an EEG design 
as implemented in Hilty et al. (2011)116. Some have successfully investigated low 
exertion cycling in the fMRI389. However, any exercise that generates high physiological 
responses (i.e. perspiration, increase in heart rate, respiration) is highly susceptible to 
false activations. Further, the supine and upright cycling do not generate the same 
metabolic response390,391 or RPE and thus a cycling design does not perfectly model 
exercise either. We are aware of previous work392 that has attempted this but decided that 
it would not be an appropriate line of research to pursue for these reasons.  
 
Other fMRI methodological constraints include reduced communication with the research 
participant. The voice of a participant is inaudible over the noise of the scanner, which 
makes verbal collection of RPE difficult. At the time of data collection we were not able 
to implement a solution for collecting RPE such as an MRI compatible keypad or visual 
scale controlled by handgrip force. Thus, collection of RPE during and after the task 
should be an aim for future studies in order to determine subjective sensations of fatigue. 
Given the ergogenic effect of MPH and the importance of interoception of disturbed 
homeostatic signals during exercise fatigue93 it may be useful to assess how consciously 
aware the participant is of the effort he/she is making during the task effort awareness 
scale393. Task effort awareness is an RPE scale designed to measure the psychological 
effort associated with the performance of a physical task and was developed by Swart et 
al. (2012)393 at Exercise Science and Sports Medicine, University of Cape Town.  
 
Recent research17 demonstrated a caffeine induced 5% increase in post-task MVC and 
reduction in task-related RPE and motor related cortical potential (MRCP) in the motor 
cortices. Authors proposed that the reduction in MRCP was indicative of reduced 
corollary discharge associated with the concomitant decrease in perception of effort. 




between the IC and SMA in MPH conditions. It is difficult to compare our results given 
that they examined the combined EEG activity of the premotor, SMA, and M1 on fine 
time resolutions (1.5s before, 0-1s and 1-2 during and 3-4s during recovery). 
Nonetheless, this encourages further research using EEG to examine the effect of MPH 
on other potential electrophysiological mechanisms’, such as changes in the 
bereitschaftspotential associated with motor initiation or state changes (e.g. arousal, see 
section 2.5.5.). Alternatively, we could investigate caffeine’s potential ergogenic effect 
within the context of the current handgrip/fMRI design. This would be particularly 
relevant to sport competition given that caffeine is currently permitted by the world anti-
doping agency.  
 
In Chapter four we observed task-related FC changes during six minutes of resting state. 
This duration was selected knowing that the central124,354and peripheral361 effects of the 
fatiguing handgrip task would be greatest during this interval. However, we did not 
address the temporal profile of these FC changes. As a future direction of research, it 
would be interesting to investigate when FC changes return to baseline and whether this 
differs between ROIs. In order to examine the FC temporal profile, we would implement 
a longer resting state period (e.g. twelve minutes) or perhaps two segmented resting scans 
separated by a brief inter-scan period. The latter approach was recommended by Dijk et 
al. (2010)362, who demonstrated identical resting state results between a twelve-minute 
continuous scan and two closely timed sequential six minute scans. The advantage to a 
segmented scan is that it may allow improved data collection from potentially difficult 
participant populations (e.g. children, older adults) and more practically, it prevents 




This thesis demonstrates that the regulation and interoception of a muscle fatiguing 
handgrip task involves multiple brain areas. In order to properly understand muscle 
fatigue, further investigations should examine brain connectivity between multiple ROIs 




interoception of those signals, and ensuing modifications of motor drive by the motor 
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